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ABSTRACT

Extreme winds impacting civil structures lead to death and destruction in all
regions of the world. Specifically, tornadoes and hurricanes impact communities with
severe devastation. On average, 1200 tornadoes occur in the United States every year.
Tornadoes occur predominantly in the Central and Southeastern United States,
accounting for an annual $1 billion in economic losses, 1500 injuries, and 90 deaths. The
Joplin, MO Tornado in 2011 killed 161 people, injured more than 1000, destroyed more
than 8000 structures, and caused $2.8 billion of property loss. Hurricanes occur
predominantly on the United States East coast regions and along the coast of the Gulf of
Mexico, accounting for $21.2 billion in economic losses and 159 deaths on average each
year ($19.4 billion per event). Data has shown that hurricanes have stricken coastal cities
more frequently and more intensely. In 2020, 30 named storms formed in the Atlantic
Ocean and 13 of them have progressed into hurricanes. The goal of this research is to
investigate the true loadings of extreme winds on civil structures in order to design safer
buildings and communities. To accomplish this goal, research has been conducted to
properly model these winds using physical and numerical simulation (chiefly
computational fluid dynamics simulation), investigate the wind characteristics of extreme
winds, and determine how these winds impact civil structures (wind effects), which is
required to conduct a hazard-resistant design.
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1. INTRODUCTION

1.1. BACKGROUND
Although both hurricanes and tornadoes result in extreme wind conditions and
property/life loss, tornadoes are less understood because of their localized dynamic
behavior. During tornadoes, wind speeds exceeding 130 m s"1 (268 mph) have been
measured by radar [1, 2, 3, 4]. Approximately 1200 tornadoes occur in the United States
each year based on statistics from the National Oceanic and Atmospheric Administration
(NOAA) [5, 6], resulting in substantial amounts of property damage and significant
numbers of injuries and fatalities each year [7]. During the period of 1949-2006, the
average annual economic loss due to tornadoes was about $1 billion [8, 9, 10]. Annually,
tornadoes cause an average of ~90 fatalities and ~1500 injuries [11], although some years
are much worse than others [12]. In 2011 alone, the tornado-induced property loss
exceeded $20 billion, and 550 people were killed [13, 14]. In particular, the Joplin, MO
tornado of 22 May 2011, which was rated EF-5 (the highest rating) on the Enhanced
Fujita (EF) scale, resulted in 1150 injuries, 161 deaths, and $2.8 billion of property
damage [15, 16]. Research predicts that many more people may be killed if high-intensity
tornadoes strike metropolitan areas; according to [17], 43,800 may be killed in a Chicago,
IL setting, 14,300 in a St. Louis, MO setting, and 22,100 in a Dallas-Fort Worth, TX
setting. Measurements and observations during tornadoes are extremely rare due to the
violent nature of the wind and debris. For example, the El Reno, OK tornado of 31 May
2013 resulted in the death of an experienced tornado researcher, his son, and their
colleague, as well as an amateur storm chaser and four others [18].
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The exact mechanism by which tornadoes destroy civil structures is not known
due to the difficulty of real-world measurements and the lack of the related research. In
an attempt to determine wind loadings on civil structures safely, researchers in the past
have studied tornado-like vortices using laboratory-scale tornado simulators [19, 20, 21,
22, 23, 24, 25, 26, 27, 28, 29, 30]. However, this method has its limitations, such as the
scale of the simulator restricting the size of the model that may be used as well as
limiting the measurements that may be taken in terms of pressure tap locations and
pressure measurement resolution. Additionally, these simulators are costly to implement
in terms of space, labor, and monetary value. In recent years, numerical simulation using
Computational Fluid Dynamics (CFD) to study tornadoes has become popular in that it
may accommodate some of the limitations of physical testing, but the current studies are
often oversimplified or focused solely on the wind field and not the wind-structure
interaction [31, 32, 33, 34, 35, 36], which presents the research gaps in tornado research.
In 2010, 123.3 million people, or 39% of the US population, live on or near the
coast and these numbers will increase by 8% within a decade [37]. Hurricanes along with
storm surge are a major threat to coastal cities. They contribute to $21.2 billion in
economic losses in the United States per year, on average, ($19.4 billion per event) and
result in an average of 159 deaths annually, directly and indirectly [38]. Simulation of
hurricane wind flows, which can be treated as straight-line due to the massive scale of the
swirling flow, has been performed using physical wind tunnels and numerical simulation
[39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50], but wind effects on the building types that
are constructed near the coast (elevated buildings) are not well understood, which is
another research gaps that will be addressed in this dissertation.
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1.2. OBJECTIVE AND SCOPE OF WORK
To further understand the wind-structure interaction and determine what effects
the wind field is having on the structure and vice-a-versa, it is necessary to investigate the
wind field in depth and determine what features are essential for numerical modelling. In
addition to this, numerical simulation must be compared with physical testing in order to
validate the numerical results and provide meaning to the reported values. To these ends,
the objective of this research is to systematically investigate the behavior of extreme
winds in nature and the related wind-structure interaction using numerical simulation
(CFD simulations) that are validated using the data measured in the lab and the data
collected through reconnaissance surveys after real-world extreme events. To accomplish
this, the following six research tasks were planned.
•

Review dynamics of tornadoes and their wind effects on civil structures. To better
understand the nature of tornadoes in terms of their wind field characteristics, an
extensive review will be conducted on historical tornadoes for which published
measurements are available. Specifically, a deconstruction of the tornadic wind
field components, into tangential, radial, and vertical velocities, and different
characteristics of the dynamic behavior of tornadoes, translation, multi-vortex
phenomena, and negative pressure induction, will be performed to elaborate on
the destructive capabilities of tornadoes. In this way, how tornadoes achieve high
levels of destruction can be taken as components of a greater whole. For instance,
to understand the brevity of tornadoes impacting a civil structure it is important to
consider the translating speeds whereas to understand the high wind loadings on
the structure it is more appropriate to consider the tangential velocity, which is
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magnitudes higher. To observe shortcomings of previous research and possibly
benefit from others’ experience and understanding, a review of current and
historical modelling methods will be performed as well.
Conduct reconnaissance surveys to collect first-hand damage data for validation.
On 22 May 2019, an EF-3 tornado passed through Jefferson City, MO (herein
called the “Jefferson City tornado”), roughly 60 miles (97 km) North of the
Missouri University of Science and Technology (Missouri S&T) campus in Rolla,
MO. Following this event, members of the Wind Hazard Mitigation Laboratory
(WHAM) performed surveys of the damage along the tornado’s path. This
reconnaissance survey was collected first-hand and documented extensively using
the online FULCRUM app. To learn from this tragedy and put the data to good
use, the damage observations collected will be used to further understand what
features of the tornado are resulting in wind loading on a structures surface.
Investigate the influence of turbulence modelling on simulated wind field. One of
the key aspects of numerically modelling tornadoes is the simulation of dynamic
behavior. This is achieved using turbulence models. Previous research has been
performed into the benefits of specific turbulence models, but no research has
addressed how using a specific model effects the results of tornado simulation. To
improve upon current simulations, it is necessary to determine how model choice
impacts results. Four specific turbulence resolving methods will be researched,
Large Eddy Simulation (LES), Reynolds Stress Model (RSM), k-ro, Shear Stress
Transport (SST) k-ro. All other parameters are held constant, and comparison will
be performed.
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Explore proper ways to simulate the translation of tornadoes. Currently two
methods for modelling translation in numerical simulation of laboratory-scale
tornado simulators are in use, using a moving wall boundary condition at the
bottom of the simulator (ground plane) and/or using the sliding mesh technique to
move the model through the simulator. To model the simulation as close to the
real-world case as possible, a comparison will be performed between the two
methods and a preferred method will be determined.
Design and construct a large-scale tornado simulator for experimental validation.
To improve upon existing laboratory-scale tornado simulators, numerical
simulation of a newly designed tornado simulator will be performed. These results
will be validated by comparing with a similar, existing, tornado simulator at Iowa
State University (ISU), as this simulator, the Missouri S&T simulator, is currently
under construction. Specifically, numerical simulation will be conducted on the
simulator passing over a building model using a model that includes all physical
components from the laboratory simulator, including the fan, honeycomb section,
walls, turning vanes, and testing floor. The turbulence model and preferable
translation modelling method, from the previous tasks, will be used to improve
the accuracy of the results.
Investigate wind effects on elevated civil structures induced by hurricanes through
wind tunnel testing and CFD simulations. With the success of the previous tasks,
in modelling all components and physical aspects of a facility, research will be
performed to determine if this process can be implemented in studying other types
of extreme winds, chiefly hurricane force winds. As no previous research has
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been performed on numerically studying the effects of wind on stilt elevated
construction, numerical simulation will be performed on stilt elevated civil
structure models. The results of this CFD simulation will be validated using
published results from Florida International University’s (FIU) Wall of Wind
(WOW).

1.3. RESEARCH SIGNIFICANCE AND INTELLECTUAL MERITS
The planned research will help the wind engineering community to fully
understand the effects of extreme winds on civil structures by introducing high resolution
results, which in turn will reduce the reliance on costly and space constrained physical
simulation in the lab. In addition to this, the effects of oversimplification will be
understood and the limitations of simplification for future CFD simulation research will
be established, along with best practice guidelines for modelling translation and
turbulence in the numerical tornado simulator. With these results, in correlation with realworld observations, identifying the original failure modes of civil structures under
extreme wind loadings will possible and recommendations can be made to improve the
safety of existing structures and future designs.
The proposed research will improve wind engineering from the following six
perspectives. First, an in-depth understanding of bluff-body aerodynamics of civil
structures under tornadic wind field will be compiled, which has not been performed
previously. This compilation will serve as a basis for improving numerical and physical
simulation. Second, a first-hand collected damage survey will increase the knowledge
base of tornado induced damage on civil structures and provide perspective for what
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features should be investigated further. Third, numerical simulation of turbulence and
translation modelling for tornadoes will be analyzed by comparing two different types of
turbulence modelling methods and two different translation modelling methods, while
previous research used one method or another for turbulence without discussing why they
used that particular method when others are available. A comparison will establish the
effects of making such choices on numerical results, both beneficial and detrimental. As
tornadoes translate in nature, the proper method for modelling translation of a vortex in
numerical simulation will be determined. Fourth, an improved physical tornado simulator
will be designed and constructed to improve upon current simulation capabilities. Most
tornado simulators were designed before modern computing and were often simplified in
preliminary numerical simulation. Fifth, validation will be performed on numerical
simulation using field observations and physical simulation, which will improve
confidence in high resolution results of wind behavior near buildings. Sixth, research will
be performed on hurricane wind effects on building archetypes that are common in
coastal regions, elevated buildings.

1.4. DISSERTATION ORGANIZATON
This dissertation is organized into three sections, the introduction, the presentation
of papers that are related to the performed research, and the conclusions and future work.
The introduction section, Section 1, presents the background for this research and the
associated objectives, scope, and intellectual merits. Section 2 presents the papers that
resulted from this research that are directly related to the planned research for this
dissertation. One of the papers has been published, four are submitted and under review,
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and one will be submitted shortly. Specifically, the first paper presents the review of the
entire tornadic wind field and a breakdown of different features related to tornadoes.
Chiefly, the swirling wind flow is investigated in terms of its velocity components, the
pressure in the wind field is investigated, and the current understanding of how to
simulate tornadoes is reviewed, compiled, and processed. The second paper presents a
real-life investigation of the aftermath of a tornado, with particular emphasis on what
features associated with the tornado resulted in the post-event destruction and key failure
features. The third paper presents a comparison between different turbulence modelling
methods used in numerical simulation of tornadoes in order to determine which method
results in a more realistic vortex and more realistic loadings on a building model. The
fourth paper investigates how to validate numerical simulation, specifically simulation of
physical tornado simulators, by comparing the different ways that are used to model
translation of the tornado-like vortex. Specifically, the most realistic case is sought in the
study and the method that results in that case is ascertained. The fifth paper incorporates
the lessons learned in the first four papers and presents a validation of numerical
simulation of a physical tornado simulator in order to reveal bluff-body aerodynamics
around the building model. To this end, a building model is placed in the numerical
tornado simulator and a case is ran and compared to published physical results. The sixth
paper presents the culmination of the first five papers applied to hurricane simulation. For
this paper, the investigation focused on determining if the physical simulation of straight
line hurricane wind impacting a stilt-elevated building can be modelled numerically.
Lastly, Section 3 concludes the obtained findings in this study and proposes future work.
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ABSTRACT

Tornadoes are violently rotating columns of air that may be produced by
convective clouds and storms, and they can produce substantial property damage,
injuries, and deaths. To mitigate these losses and encourage accurate modeling and
research in the field of civil engineering, with the goal of improving civil structure
design, a comprehensive review of field measurements, lab simulations, and
computational fluid dynamics (CFD) simulations of tornadoes is conducted. From this
review, several tornadoes are examined, and their characteristics presented. Specifically,
characteristics of these tornadoes are provided in the following form: velocity of the wind
field, pressure distribution associated with the wind field, tornado core radius, and flow
structure (i.e., single vortex versus multiple vortices; for single vortex, one-celled versus
two-celled). In addition, the driving forces behind tornadoes and the relationships
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between damage and reported intensity are examined, and the physical and numerical
simulation of tornadoes conducted in civil engineering are reviewed. This paper is
intended to provide a baseline review so that more accurate simulations of tornadic wind
fields in civil engineering research can be made by providing some field-measured data
from the meteorology community. This will benefit individual safety, community
resilience and awareness, and simulation accuracy for future research.
Keywords: Review, Tornado Dynamics, Tornadic Wind Field, Civil Engineering,
Meteorology

1. INTRODUCTION

According to the American Meteorological Society, a tornado is “a rotating
column of air, in contact with the surface, pendant from a cumuliform cloud, and often
visible as a funnel cloud and/or circulating debris/dust at the ground” [1] (see Figure 1).
Tornadoes are one of the most violent natural hazards; wind speeds exceeding 130 m s-1
(268 mph) have been measured by radar [2, 3, 4, 5]. Approximately 1200 tornadoes occur
in the United States each year based on statistics from the National Oceanic and
Atmospheric Administration (NOAA) [6, 7], resulting in substantial amounts of property
damage and significant numbers of injuries and fatalities each year [8]. During the period
of 1949-2006, the average annual economic loss due to tornadoes was about $1 billion [9,
10, 11]. Annually, tornadoes cause an average of ~90 fatalities and ~1500 injuries [12],
though some years are much worse than others [13]. In 2011, the tornado-induced
property loss exceeded $20 billion, and 550 people were killed [14, 15]. In particular, the
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Joplin, MO, tornado of 22 May 2011, which was rated EF-5 (the highest rating) on the
Enhanced Fujita scale, resulted in 1150 injuries, 158 deaths, and $2.8 billion of property
damage [16, 17]. Many more people may be killed if high-intensity tornadoes strike
metropolitan areas; according to one study [18], 43,800 may be killed in a Chicago, IL
setting, 14,300 in a St. Louis, MO setting, and 22,100 in a Dallas-Fort Worth, TX setting.
Regardless of civilization’s advances in meteorology and engineering, tornadoes remain a
threat that pose a continuing risk for catastrophic loss of life and property.
There are several reasons for the high tornado-induced life and property losses.
First, the lead time for most tornadoes is relatively short compared to that for other
meteorological phenomena that produce substantial loss; the average tornado warning
lead time, for tornadoes warned in advance, is between 15 and 20 minutes [19], much
lower than the usual lead time for some other meteorological phenomena that can
produce similarly large losses. For example, tropical cyclones may develop far from land
and be tracked for days and weeks before they directly impact land and population
centers. Tropical cyclones tend to move more slowly than do tornadoes (e.g., often at a
maximum speed of 10 m/s [20, 21]), tend to be much larger (on the order of 1000 km),
last much longer (more days and weeks versus seconds and minutes), and tend to be more
readily observed with remote sensing equipment, all factors of which tend to increase
their predictability relative to that of tornadoes. Because of the lower lead time for
tornadoes, communities do not have sufficient time to mitigate losses to buildings and
properties if actions are taken only after an impact from a specific tornado is expected or
after a tornado warning is issued.
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Figure 1. A tornado that
occurred in the Texas
panhandle on 28 March 2007.
(Photo courtesy of Jeffrey
Snyder)

Second, tornadoes can produce extremely high wind speeds, sometimes exceeding
130 m/s at tornado core radius (i.e., the radius where the maximum tangential velocity is
observed), and produce very high atmospheric pressure drops (i.e., negative pressure
perturbations) at tornado center. With a high wind speed and large atmospheric pressure
drop, very large wind pressure (including pressure and suction) will be exerted on civil
structures, damaging structural/nonstructural components, or even destroying the entire
civil structure. The high wind speed can produce and subsequently loft debris from
damaged buildings, vehicles, or other objects previously on the ground. Lofted debris can
become missiles that impact other structures and generate more wind-borne debris.

13

In addition to the limited lead time and violent nature of the winds in tornadoes, a
third factor contributing to the large loss figures in tornadoes is our current limited
understanding of the effects of tornadic winds on civil structures. One of the primary
difficulties in this regard is in collecting observations with sufficient resolution to capture
the detailed flow structure and evolution of tornadoes, regardless of tornado size.
Collecting in-situ measurements of tornadic winds around civil structures (i.e., within
~10 m of the ground) is extremely difficult owing to the limited predictability of
tornadoes (which makes placing observing equipment near and within a tornado
extraordinarily difficult) and to the inherent dangers (to instruments and the humans
deploying the instruments) associated with placing instrumentation near buildings
immediately ahead of a tornado. Because tornadoes can be so violent, are often relatively
short lived with lifetimes on the order of 1-10 minutes and tend to have less predictable
paths and life-cycles [22, 23, 24] relative to the parent thunderstorm (and other
phenomena such as tropical cyclones), even the most advanced remote sensing
technology (e.g., high-resolution, rapid-scan mobile radars) has extreme difficulties
sampling near buildings. Owing to beam broadening, ground clutter contamination, and
terrain irregularities, data from radars is often limited to elevations non-trivially [i.e., O
(10-100 m)] above building or structure height.
A report detailing a violent tornado that affected Joplin, MO, on 22 May 2011
stated that, among all of the fatalities during this event, 84% were related to building
failure [25]. Building failures can be caused by any of the following: 1) large positive
pressure due to high wind speeds; 2) large negative (suction) pressure owing to the
pressure drop at the tornado’s center; 3) impacts from wind-borne debris; and 4)
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aerodynamic instability induced by flow within the tornado. The relative importance of
each of these depends, in part at least, on the distance of the building from the center of
the tornado. For example, close to tornado center, a roof may be lifted due to a high
atmospheric pressure drop and strong vertical wind velocities; away from the tornado
center, but close to the tornado core radius, the building envelope may be breached due to
high quasi-horizontal wind speeds. Near the tornado’s core region, the building may be
damaged by the impact of wind-borne debris, which can severely reduce building
integrity. Aerodynamic instability not only depends on the turbulent nature of the tornado
but also on the dynamic characteristics of the building itself.
To reduce or prevent structural failure and mitigate associated injuries and
fatalities, building design codes need to be improved. Such an improvement requires an
in-depth understanding of tornadic wind fields and their effects on civil structures.
Although civil engineering researchers have been investigating tornadic wind effects
through theoretical analyses, testing in laboratory tornado simulators, and CFD
simulations [e.g., 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37], validation using fieldmeasured data is extremely limited. The present authors intend the information presented
herein to help civil engineers and researchers improve the accuracy of simulated tornadic
wind fields and determine tornadic wind loads more properly. Specifically, this paper
serves as a reference for civil engineers and researchers to compare their data, be it from
physical or numerical simulation, with that of meteorological results, thus estimating
more realistic wind loadings on structures.
The remainder of this paper is structured such that each section describes the
current understanding of each of the following topics or processes: 1) tornadogenesis, 2)
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wind velocity fields in tornadoes, 3) velocity measurements near the ground, 4) pressure
fields in tornadoes, 5) tornado core radius, 6) flow structure of tornadoes, 7) relationship
between damage, debris, and radar-measured velocity data, 8) tornadic wind load
calculation specified in ASCE7-16, 9) characterization of tornadic wind fields using CFD
simulations or laboratory tornado simulator from the field of meteorology, 10)
characterization of tornadic wind fields using CFD simulations or laboratory tornado
simulator from the field of civil engineering.

2. TORNADOGENESIS

Owing to the desire for a holistic understanding of processes in the natural world
and, on a more practical level, the desire to increase warning lead time, the process by
which tornadoes develop (i.e., tornadogenesis) has been the topic of much research. The
relevant processes and sources of vorticity associated with tornadoes may be different in
different tornadoes, although a sort of informal and somewhat arbitrary classification of
tornadoes does exist in the meteorological community. These “types” of tornadoes
include so-called landspout and waterspout tornadoes (which are generally the result of
stretching of a misoscale vertical vorticity maximum beneath and within a growing
cumulus or cumulus congestus cloud), quasi-linear convective system (QLCS) tornadoes
(which tend to occur along the leading edge of outflow associated with QLCSs), and
tornadoes associated with the mesocyclone of a supercell. For the sake of this discussion,
so-called “gustnadoes” and “dust devils” are not considered to be tornadoes because their
rotation is often not connected to and driven by a parent convective cloud. Although there
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may be differences in the underlying processes driving each of the aforementioned
“types” of tornado, the fundamental structure of each “type” may be quite similar, at least
in that part of the tornado near the ground. Since most strong (i.e., EF2-3) and violent
(i.e., EF4-5) tornadoes are associated with mesocyclones within supercells and since such
tornadoes produce the vast majority of damage and casualties, we will focus primarily on
this “type” of tornado.
Popular methods used to study tornadoes have included the development of
mathematics-based theory, the use of high-resolution numerical models, and the
collection and analysis of observational data. Despite substantial past work, the details of
tornadogenesis are still quite unknown. Results from previous field projects, including
the Verification of the Origins of Rotation in Thunderstorms (VORTEX) project and its
successor (VORTEX2), have shown that many tornadic supercells look quite similar to
non-tornadic supercells at heights exceeding ~1 km above ground level (AGL). The
rotation associated with the mesocyclone (the rotating updraft of a supercell) is generally
understood to be the result of the tilting of horizontally aligned vorticity associated with
environmental vertical wind shear into the vertical and the subsequent stretching of the
resultant vertical vorticity within the buoyant updraft. The process by which tornadoes
develop within mesocyclones, however, is likely not directly driven by the tilting and
stretching of streamwise vorticity associated with environmental wind shear. Tilting of
horizontal vorticity in the vertical by itself cannot create a tornado because that process
creates vertical vorticity above the ground, not at the ground [38].
Results from VORTEX [39] and additional field projects since that time [40] have
shown that the thermodynamic character of the rear-flank downdrafts (RFDs) in tornadic
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and nontornadic supercells are, on average, different. In tornadic supercells, the air in the
RFD tends to be only marginally cooler (if not warmer) than the ambient, pre-storm air.
In contrast, the air in the RFD of non-tornadic supercells tends to be considerably colder
than the pre-storm air.

Figure 2. A simple illustration of the origins of vertical vorticity in a supercell’s updraft
and in a tornado. Courtesy of Paul Markowski. Used with permission. [42]

A highly-idealized and simple tornado model is examined in Markowski et al.
(2014) [41], as illustrated in Figure 2 [42], which highlights the role of a downdraft in
transporting vorticity to very near the ground. Other studies indicate that vorticity in
parcels that comprise a tornado can be created via baroclinic generation above the near
ground layer, and crosswise-streamwise exchange can occur near the ground as the air is
pulled inward towards the low-level mesocyclone. In addition, there are indications that,
at least in some tornadoes, the presence of friction between the ground and atmosphere
can affect tornadogenesis [43, 44]. Regardless of the source(s) of vorticity, rapid vertical
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acceleration associated with a strong upward-directed vertical perturbation pressure
gradient force within the low-level mesocyclone turns and stretches such parcels rapidly
upward. The exact source of the vorticity and the dominant means by which parcels
obtain that vorticity is still an area of active research.

3. WIND VELOCITY FIELDS IN TORNADOES

Weather radars, both mobile and fixed-site, and in-situ instruments have been
used to estimate and/or measure winds within tornadoes [e.g., 45, 46, 47, 48, 49, 50, 51,
52, 53, 54, 55, 56]. Although fixed-site radars and quasi-permanent weather observation
sites [57] have serendipitously measured winds in tornadoes, mobile radars have been
extremely valuable tools for observing and studying tornadoes because they have been
able to be placed in close proximity to tornado-producing storms to maximize the
probability of collecting high-resolution, near-ground data within tornadoes. Even still, it
is extremely important to keep in mind that weather radars do not measure winds directly.
Rather, they measure objects that may or may not be moving in directions and speeds
similar to the local air motion, which means that the radar-estimated velocity may not
reflect the real wind speed and direction. In addition, measurements are averages over
some volume that is, at best, on the order of 104 m3 and often at least several orders of
magnitude larger, so these are far from point measurements that in-situ instruments may
collect. Despite substantial efforts, though, only a small handful of tornadoes have been
directly sampled by a purpose-built in-situ instrument [48, 58, 59].
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In a tornado-centric reference frame, a cylindrical decomposition of the three
dimensional wind field is often used, wherein the winds are described by the tangential
(Vt), radial (Vr), and vertical (Vw) components [53, 60]. Vt describes the “swirling” (i.e.,
azimuthal) winds rotating around the central axis of the tornado, Vr describes the winds
moving inward or outward (i.e., towards or away) from the center of the tornado, and Vw
describes the vertical component of air motion. (Care should be taken not to confuse this
radial velocity component Vr with the velocity of the same name often used to describe
the component measured by weather radars, in which the radial direction is relative to the
radar not to the center of the tornado). Although the relationships between the velocity
components and environmental factors (e.g., surface roughness) are subject to further
study, researchers in both the meteorology and civil engineering fields require “real-life”
data to assess and validate numerical models. This section presents the characteristics of
velocities in several noteworthy, observed/well documented tornadoes.
An intense, F4 tornado occurred in Spencer, SD, on 30 May 1998 (subsequently
referred to as the “Spencer tornado”) [50,51]. This tornado was well documented by a
nearby, high-resolution mobile radar. The azimuthally averaged Vt profiles as a function
of the radial distance from the center of the tornado were extracted from the radarmeasured velocity data and are presented in Figure 3 [61, 62]. From Figure 3, at each
altitude, the velocity increases rapidly from tornado center to a maximum at the core
radius and then decreases gradually in the far field. For a one-celled tornado (in contrast
to a two-celled or multi-vortex tornado), the area within the core radius is described by
solid body rotation and characterized by approximately constant vorticity, such that the
maximum Vt is observed at the core radius. Figure 4 provides the maximum Vt
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measurements at each altitude [51]. In Figures 3 and 4, the maximum, tornado-relative Vt
is shown to be 81 m/s and 97 m/s, respectively. The values presented in Figure 3 are time
averaged, while the values in Figure 4 are instantaneous.
The translation speed refers to how fast the tornado vortex moves along its path. It
has generally been estimated using radar measurements, photographic evidence, or video.
The translation speed of the Spencer tornado was ~15 m/s. The translation of the tornado
can create asymmetries in the wind field even for an otherwise axisymmetric tornado.
Figure 5 illustrates how the translation speed affects the two horizontal wind components
within the vortex. In Figure 5, the length of the arrow represents the magnitude of the
velocity component. The non-zero translation speed modifies the magnitudes of the
ground-relative horizontal velocity components in tornadoes that are otherwise (i.e., if
stationary) axisymmetric (Figure 5a). To be specific, as shown in Figure 5b, with the
current assumptions in this illustration, the non-zero translation speed adds to the Vt on
the right side (relative to the direction of translation) of the tornado and subtracts from it
on the left side of the tornado. The translating speed adds to the Vr component on the rear
side of the tornado and subtracts from it on the front side. In the Spencer tornado, the
measured wind speeds on opposite sides of the vortex differed by ~30 m/s, which
induced higher damage on the right side of the tornado path as opposed to the left [51].
This further demonstrates the asymmetric characteristics of some tornadoes. The
translating speeds of a small set of documented tornadoes are listed in Table 1. It is noted
that the method for determining these values varies from source to source (i.e., averaged,
instantaneous, etc.) and therefore these values serve only as a qualitative example of
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translating speeds. The translating speeds are typically on the order of 10 m/s though vary
widely both during the lifetime of a tornado and from tornado to tornado.
Another F4 tornado occurred in Mulhall, OK, on 4 May 1999 (subsequently
referred to as the “Mulhall tornado”). Profiles of Vt along the radial distance of the
tornado are shown in Figure 6 [64]. The maximum Vt in these data was found to be 84
m/s (see Figure 6a). When Vt in the Mulhall tornado is normalized to the maximum Vt
and tornado core radius, the values follow the Rankine vortex curve well for all heights
(see Figure 6b), especially inside the tornado core.

Figure 3. Vt profile of the Spencer tornado with respect to the radial distance (from
tornado center) for different altitudes. [61, 62]
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Figure 4. Maximum Vt at different altitudes within the Spencer tornado. © American
Meteorological Society. Used with permission. [51]
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Figure 5. (a) The velocity vectors for Vt and Vr and (b) the net effect of a non-zero
translating speed (Vt) on Vt and Vr of an idealized, axisymmetric vortex.
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Table 1. Translating speed of tornadoes from multiple sources. The values serve as
a qualitative example of translating speeds from a small sample of tornadoes.
Tornado
Translating Fujita Rating
Speed
F-5
Bridgecreek/Moore, OK on 3 May 1999 [ 18]
9 m/s
Mulhall, OK on 4 May 1999 [45]
13.5 m/s
F-4
5.7 m/s
F-3
Mullinville, KS on 7 May 2002 [59]
Stratford, TX on 15 May 2003 [59]
F-3
15 m/s
Manchester, SD on 24 June 2003 (Case 1) [59] 9.4 m/s
F-4
Manchester, SD on 24 June 2003 (Case 2) [59] 2.3 m/s
F-4
Webb, IA on 11 June 2004 [59]
7.7 m/s
F-3
Broken Bow, OK on 10 May 2008 [59]
12 m/s
No Rating Provided
Quinter, KS on 23 May 2008 [58]
20 m/s
No Rating Provided
Tipton, KS on 29 May 2008 [59]
14.6 m/s
EF-1
EF-0
Beloit, KS on 29 May 2008 [59]
5 m/s
Joplin, MO on 22 May 2011 [63]
EF-5
13 m/s

Figure 6. (a) Dimensional and (b) normalized mean (i.e., azimuthally averaged) Vt profile for
the Mulhall tornado at different altitudes. © American Meteorological Society. Used with
permission [64].

Wurman et al (2013) describe observations of an EF-2 tornado that occurred in
Goshen County, WY, on 5 June 2009 (subsequently referred to as the “Goshen tornado”)
[48]. The maximum Vt of the Goshen tornado was found to be ~40 m/s, as shown in
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Figure 7. The Vt followed the characteristic curve of increasing from the center to the
core radius and decreasing in the far field outside the core radius. A similar pattern was
reported by Bluestein et al. (2003) using GBVTD-derived winds collected by a highresolution mobile radar of a tornado near Bassett, NE, in 1999 [65].

Azimuthal and Radial Wind

Radial Wind (ms'1)

Figure 7. (Left) Profiles of azimuthally averaged Vt and Vr at different times at an
altitude of ~100 m above ground in the Goshen tornado [48]. (Right) Azimuthally
averaged radial profiles of Vt and Vr retrieved by the Bassett tornado [65]. ©
American Meteorological Society. Used with permission.

Kosiba et al (2014) studied a tornado that passed over the Hong Kong
International Airport, using LIDAR, surface weather stations, and Terminal Doppler
Weather Radar (TDWR) [52]. From the collected data, plots of the velocity, directions,
and tornado core radius were created. Additionally, these data were compared to a
Rankine vortex model to determine the structure of the vortex. The best fit Rankine
vortex model was achieved by using a decay exponent equal to one in the general
parameterized equation [66, 67], which according to Kosiba et al (2014), “may suggest
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that frictionally induced inflow near the surface transported higher angular momentum
inwards,” which suggests that as the friction from the surface increases, the Vr decreases.
This vortex demonstrated a decrease in Vr with time as the Vt and angular momentum
increased. This suggests an interplay between the different components of the velocity,
depending upon the location relative to tornado center.

4. VELOCITY MEASUREMENTS NEAR THE GROUND

The information presented previously focuses primarily on high altitude
measurements. When attempting to collect measurements of tornadoes very near the
ground, there are some methods that available, such as use of Doppler LIDAR
technology, but this technology has difficulty collecting data when precipitation, debris,
or other opaque materials are present [3]. Researchers have attempted to measure or
predict near-ground wind speeds using alternative means, including with the use of
mobile Doppler radars [68], physical laboratory simulator experimentation and
mathematical calculation [69, 70, 71, 72, 73], and the analysis of tree-fall patterns
associated with tornado damage in forested areas [74, 75, 76].
Kosiba and Wurman (2013) used a Rapid-Scan Doppler on Wheels (RSDOW) to
collect nearly in-situ radar data of a tornado at near-ground levels as low as 4 m above
the ground [68]. They used a combination of radar and anemometer data to examine the
wind velocity in and near the tornado, and a ground-based velocity-track display
(GBVTD) analysis [77] was performed to retrieve the components of the flow. In that
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tornado, at least, the maximum Vt was found to be at the lowest altitude for which there
were data (~5 m height).
A collection of maximum Vt profiles, following the GBVTD analysis, and their
elevations are presented in [69] from a few volumes of data from the EF2 Goshen
tornado and the F4 Spencer tornado. Specific Vt and Vr at lower altitudes, for example in
the case of the Spencer tornado 62 m/s at an altitude of 40 m above the ground, were used
for comparison with physical simulation results using the tornado simulator at Western
University (WU). Following these comparisons, a scaling match was made for the
different scenarios. This is one such example of using near-ground measurements to
improve upon existing modelling methods. Unfortunately, not many data sets exist to
make this comparison, and as more data becomes available the modelling will improve.
Until that happens, mathematical models are often required. Such models are typically
calibrated in such a way that the model results closely resemble that of velocity
components and structure of tornadoes that occur in nature. Additionally, mathematical
models employ simplifications for ease of calculation, which can result in deficiencies in
certain aspects of the model as discussed at depth in [73]. It is of note that with all of the
limitations of mathematical modelling there is room for more research in this field, and
other aspects of tornadoes (e.g., debris flight) can be investigated using this method [72].
A more recent avenue of interest for determining wind speeds near the ground
uses tree-fall patterns [78, 79, 80, 74]. Karstens et al (2013) used aerial photographs from
the Joplin Tornado and a tornado that affected Tuscaloosa and Birmingham, Alabama, in
2011 to evaluate simulations of tornadoes [74]. They compared tree-fall patterns
associated with analytical simulations of tornadoes passing through forested areas with
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the observed tree fall patterns to infer tornado structure that produced tree fall behavior
most closely matching the observations. Previous approaches involved running the
simulation many times until the pattern was subjectively (i.e., visually) close to the
observed pattern, but their revised method sought to increase efficiency by establishing
this new tree-fall perpendicular orientation criteria. After each run of the simulation was
complete, they compared the final results of the simulation to the observed imagery and
adjusted the vortex characteristics to improve the agreement between the simulation and
observations. They found that the Vt/Vr ratio was much lower than expected.

5. PRESSURE FIELDS IN TORNADOES

There are very few direct pressure measurements in tornadoes owing to the
difficultly in purposefully placing instruments in tornadoes and to the violent nature of
the winds that may destroy existing instruments. Using mobile radar data and assuming a
vortex model, however, one can estimate the pressure perturbation using a GBVTD
analysis of the radar-measured data, as Lee and Wurman (2005) did for the Mulhall
tornado [64]. The pressure deficit profiles for the Mulhall tornado at different times at an
altitude of 50 m are shown in Figure 8. The pressure inside the tornado core is lower
than that in the outer region, as expected, and the lowest pressure occurs at tornado
center. The pressure deficit within 800 m of the tornado center is characterized by a
smooth yet nonlinear curve towards its maximum deficit of 8400 Pa [64]. Historical
pressure deficits in other previous tornadoes are presented in Table 2; they range from
500 to 19200 Pa [59].
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Figure 8: Comparison of the pressure deficit profiles as a function of radial distance
from tornado center from the Mulhall tornado and the Allison, TX tornado in 1995. ©
American Meteorological Society. Used with permission. [64]

To understand the pressure distribution in a tornado in a controlled environment,
Snow et al. (1980) examined one-celled and two-celled tornado-like vortices generated in
a laboratory tornado simulator, and the pressure deficit profile as a function of the radial
distance is shown in Figure 9 [82]. Although the pressure in the core region is much
lower than that outside the core for both cases, one-celled vortices have a larger radial
pressure gradient in the tornado core than what is seen in the two-celled vortices; the onecelled vortices are characterized by a sharp slope versus a relatively flat profile inside the
tornado core of the two-celled vortices. That is, in a one-celled vortex, the lowest
pressure is located exactly at the tornado center (Figure 9a-d), while in a two-celled
vortex the tornado core has a relatively broad region of low pressure with small variations
(Figure 9e-g).
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Table 2. Observed pressure deficits for tornadoes from 1894 to 2008 [59,81].

Date (Day Month Year)

Time

3 October 1894
28
1896
May
21
1904
August
25
1951
June
21
1951
July
22
March
1952
9
1953
June
21
1957
June
10
1959
May
25
1962
May
9
1966
June
30
April
1970
12
1970
May
15 December 1971
9
1995
June
8
2002
May
15
2003
May
24
2003
June
24
2003
June
11
2004
June
22
April
2007
11
2008
May
23
2008
May
30
2008
May
30
2008
May

0228
0018
0345
2130
0300
2030
0200
0040
2120
0030
0100
0723
0235
0525
0100
0000
2300
0046
0050
1923
0054
0033
2144
0122
0217

Location
Little Rock, AR
St. Louis, MO
Minneapolis, MN
Sydney, NE
Minneapolis, MN
Dyersburg, TN
Cleveland, OH
Fargo, ND
Austin, TX
Newton, KS
Topeka, KS
Oklahoma City, OK
Lubbock, TX
Springfield, MO
Allison, TX
Mullinville, KS
Stratford, TX
Manchester, SD
Manchester, SD
Webb, IA
Tulia, TX
Broken Bow, OK
Quinter, KS
Tipton, KS
Beloit, KS

Pressure Deficit (Pa)
1300
8200
19200
1600
1400
2200
800
1200
500
3400
2100
800
1200
1200
6000
2200
4100
10000
5400
2600
19400
500
1400
1500
1300

Karstens et al. (2010) present the measured pressure deficit profiles of some other
real-world tornadoes as shown in Figure 10. The maximum pressure deficit corresponds
to the time when the tornado center passes over or nearest to the probes [59]. Based on
the observations in Figure 9, the tornadoes related to Figure 10b-e may be one-celled
tornadoes and the others may be two-celled tornadoes.
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Figure 9. Laboratory resulted profiles of pressure deficit vs radial distance from
tornado center for cases of one-celled vortices, a-d, and two-celled vortices, e-g. ©
American Meteorological Society. Used with permission. Adapted from Snow et al.
(1980) [82].

Figure 10. Pressure deficit profiles of some real-world tornadoes (a)-(f) [59]. (a) the
Mullinville, KS tornado on 7 May 2002; (b) the Stratford, TX Tornado on 15 May
2013; (c) the Manchester, SD Tornado on 24 June 2003 (at 0046 UTC); (d) the
Manchester, SD Tornado on 24 June 2003 (at 0050 UTC); (e) the Webb, IA Tornado
on 11 June 2004; (f) the Tipton, KS Tornado on 29 May 2008. © American
Meteorological Society. Used with permission. From Karstens et al. (2010) [59].
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6. TORNADO CORE RADIUS

Determining the size of a tornado using meteorological data (e.g., from a radar) is
difficult because there is no standard definition for the “edge” of the tornado, and,
consequently, measuring the outer “edge” of the tornado with a high level of accuracy is
difficult [3, 45]. Even ground-based damage surveys are sometimes unable to determine
the “edge” of a tornado (and thus determine its width) because the “edge” of the tornadoproduced damage may be ambiguous and inseparable from damage associated with
straight-line winds (e.g., from an intense rear-flank downdraft) near the tornado.
However, tornado core radius has been well defined and widely used to measure the size
of the tornado core. It represents the radius where the maximum tangential velocity is
observed. The core radii from several observed tornadoes are shown in Table 3. They
range between 50 m and 600 m, though it must be stressed that this is an exceptionally
small sample of all tornadoes.

Table 3. A small sample of tornado core radius and maximum velocity observed.
Doppler
Tornado Core Maximum
Radius (m)
Velocity
Observed
Tornado
(m/s)
Dimmit, TX on 3 May 1995 [45]
100
74
Spencer, SD on 30 May 1998 [45]
150
100
Bridgecreek/
175
Not Available
Moore, OK on 3 May 1999 [18]
200
130
Oklahoma City, OK on 4 May 1999 [45]
Mulhall, OK on 4 May 1999 [45]
600
109
Hong Kong, China on 6 September 2004
50
Not Available
[52]
Goshen County, WY on 5 June 2009 [48]
100
Not Available

32

7. FLOW STRUCTURE OF TORNADOES

The structure of the winds within a tornado can vary through the life of any single
tornado and from one tornado to the next. Such variability depends on, among other
things, the characteristics of the parent convective storm and the environmental (i.e.,
atmospheric and land) conditions in which the tornadoes occur. In general, the structure
of tornadoes can be broadly categorized into two groups: single-vortex and multi-vortex.
The single-vortex structure is one in which the vertical vorticity field is dominated by a
single maximum near the center of the tornado; single-vortex tornadoes tend to be
relatively axisymmetric save for a wavenumber-1 asymmetry associated with translation.
Such tornadoes can be further classified into one-celled and two-celled structure [59, 83],

ill d

as shown in Figure 11.

Figure 11. Schematic diagram of tornado flow structures. a) one-celled single-vortex
structure; b) two-celled single-vortex structure c) Structure with multiple vortices. [83]
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In a one-celled single-vortex tornado, an updraft is present along the central axis
of the tornado; the inflow layer of the tornado is characterized by strong inward-directed
flow that turns abruptly upward near the center of the tornado (Figure 11a). In contrast,
in a two-celled single-vortex tornado, a downdraft is present along the central axis, and
an updraft is found near the radius of maximum winds (RMW); air within the core region
generally flows downward along the central axis, turns outward, and flows upward near
the RMW, whereas air outside the core spirals radially inward towards the RMW. Flow
within and outside the RMW typically has a non-zero Vt component despite what may be
a relatively high Vr component.
A two-celled single-vortex tornado can transition into a multi-vortex tornado
owing to shear instability near the RMW. In a multi-vortex tornado, smaller vortices (i.e.,
“subvortices”) rotate around a common center (e.g., Figure 12), and the strongest winds
are usually found within these subvortices. For example, in an intense tornado that
occurred near El Reno, OK, on 31 May 2013, Bluestein et al. (2019) reported that radarmeasured winds > 135 m s-1 were found in a subvortex that was embedded in a broader
band of winds characterized by mean radar-measured winds of 80-90 m s-1.
It should be noted that one storm can produce multiple vortices concurrently
outside of a multi-vortex tornado. In particular, one or more satellite tornadoes can rotate
around an often-larger tornado [Figure 13 a], or concurrent tornadoes can occur as in a
“tornado family” (multiple separate tornadoes; Figure 13b) [18, 84, 85]. Much more
complex behaviors and structures also occur [86]. The wind effects induced by these
types of tornadoes on buildings and other structures have not been reported in civil
engineering literature. Considering that multi-vortex tornadoes may result in more
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unfavorable loads to civil structures, the research on multi-vortex tornadoes is reviewed
in this section.

Figure 12. A multi-vortex tornado that occurred on 19 May 2013 in central Oklahoma.
At least three subvortices are apparent. (Photo courtesy of Howard Bluestein)

a) A tornado with an associated satellite
b) A Tornado family (produced by a
tornado (small tornado on the left, in 1999
supercell in Nebraska on 16 June 2014)
Moore tornado) [87]
(Photo courtesy of Scott Peake)
Figure 13. Other situations in which a single storm produces multiple concurrent tornadoes,
namely (a) one or more satellite tornadoes that generally rotate around an often larger tornado
and (b) a tornado “family”, in which multiple separate tornadoes are produced by the same
supercell. In the latter case, it is common for one of the tornadoes to be an older, weakening
tornado and one to be a newer, developing tornado.
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The development of a multi-vortex tornado depends upon two factors - the vortex
Reynolds number and wind shear [45,84, 88]. The vortex Reynolds number relates
global/environmental rotation to viscosity forces and is defined as [60, 88]
o l

2

r

Rev = —
= -V
V

(1)

fi = Environmental rotation (rotation of the entire Earth on its axis, which is non
dimensional background rotation)
L = Horizontal length scale of the vertical force
r = Circulation of the system
v = Kinematic viscosity of air
As the vortex Reynolds number increases, the tornado structure changes from a
smooth flow to one that has “quasiperiodic oscillations”, or flow irregularities [89]. These
irregularities are thought to be generated from axisymmetric disturbances. In the
laboratory tornado simulator, it is difficult to adjust the vortex Reynolds number due to
its reliance on environmental rotation, which is related to the rotation of the earth about
its axis [60]. Therefore, the radial Reynolds number is used for convenience. The radial
Reynolds number is defined as
Rer

M=Q_
vh

(2)

Q = Volume flow rate through the tornado simulator
p = Air density
p = Dynamic viscosity of air
h = axial dimension (height of inflow or inlet)
The swirl ratio is also a common metric for determining the structure of a
particular tornado. The swirl ratio is defined by [90] as
s = I oL
2Qh

(3)
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where r0 is the radial dimension of the updraft or outlet. In essence, S is a measure of
rotational to radial flow. Small values of S (i.e., less than ~0.5 but above ~0.1) are
usually associated with one-celled vortices, and larger values of S (i.e., greater than ~0.5)
are typically associated with two-celled and multi-vortex tornadoes [91]
The multi-vortex structure of the 2013 El Reno tornado has been studied in more
detail by Bluestein et al (2018; 2019) [5]. Traditionally, the analysis of individual
subvortices that comprise a multi-vortex tornado is difficult owing to the small size of the
subvortices relative to the resolution volume of the radar, the short time scales that
characterize subvortices (often of order 1-10 s), and the very fast speeds at which
subvortices may move. In this case, the close proximity of the radar to the tornado
provided sufficient resolution to identify individual subvortices, and the rapid-scan nature
of the radar allowed them to sample the tornado quickly enough to track individual
subvortices without aliasing. In this particular tornado, during only the ~2 min period
examined, 24 subvortices were identified. The majority of the subvortices developed
between 500 m and 750 m from the tornado center, near the RMW of the background
flow associated with the tornado. The long-lived subvortices (defined as those lasting at
least 15 s) generally moved inwards towards the center of the tornado before dissipation,
whereas the short-lived subvortices (defined as those lasting less than 15 s) dissipated
near the same radius as they developed. The long-lived subvortices, on average,
translated at a slightly lower speed than did the short-lived subvortices. They reported
that one particularly intense subvortex (associated with maximum radar-measured radial
velocity of at least 135 m/s) translated at ~76 m/s [5]. The average duration and
translating speed of subvortices in the El Reno tornado are listed in Table 4.
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Table 4. Average values for duration and
translating speed for subvortices during the El
___________ Reno tornado [5]. ^__________
Average
Average
Duration
Translating
Speed (m/s)
(seconds)
18
55
All Subvortices
34
52
Long-lived
Subvortices
8
56
Short-lived
Subvortices

A satellite tornado differs from a multi-vortex tornado in that a satellite tornado
represents a vortex that is distinctly separated from the main vortex and rotates (like a
satellite) around the primary tornado. The distance between a satellite tornado and the
primary tornado varies from case to case, but it is noticeably larger than that of
subvortices in a multi-vortex tornado. Because they are separate tornadoes, satellite
tornadoes may be described as having a different EF-scale rating than the primary
tornado. Edwards (2014) identified and examine some of the characteristics of 51 satellite
tornadoes [85] and found that the satellite tornadoes tended to produce less severe
damage (i.e., have a lower EF-scale rating) than the primary tornadoes that were
associated with the satellite tornadoes. In addition, of the primary tornadoes that were
associated with a satellite tornado, the primary tornadoes were considerably wider and
had longer path lengths than the average tornado. It can be difficult to assign an EF-scale
rating to satellite tornadoes, however, but they tend to be short-lived and may cross the
damage path associated with the primary tornado.
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Figure 14. The Doppler radar-measured velocity fields (contoured and shaded) atop
photographs of the (top) 24 May 2016 tornado near Dodge City, KS, and (bottom) the
2013 El Reno tornado. Figure adapted from Wakimoto et al. (2015, 2018). The radar
data are valid along a cross-section through the center of each tornado. In both panels, the
shading represents velocity magnitudes exceeding 50 m s-1. © American Meteorological
Society. Used with permission.

Although many think of the condensation funnel when thinking of tornadoes, it is
important to remain cognizant of the fact that a tornado’s wind field can extend far
beyond any visual condensation funnel as indicated in Figure 14 [92, 93]. This funnel is
driven by the pressure reduction in the tornado, and the necessary pressure drop needed
to produce condensation is affected by the ambient moisture characteristics (i.e., the
relative humidity of the air). In an environment with low relative humidity, a very high
pressure reduction may be needed to produce saturation and condensation, in which case
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a weak tornado may not produce any visual condensation funnel. Because of this,
photographs or video of a tornado may give misleading information about the size of the
tornadic wind field.

8. RELATIONSHIP BETWEEN DAMAGE, DEBRIS, AND RADAR-MEASURED
VELOCITY DATA

The Enhanced Fujita (EF) Scale has been used by the National Weather Service to
rate the intensity of tornadoes since 2007 [94, 95]. It uses the observed damage from
equivalent straight-line wind to infer a wind speed in a tornado; the wind speed estimate
is that for a 3-second gust at 10 m AGL [96]. However, the EF scale relies heavily on
expert opinion and post-event damage surveys to estimate tornado intensity and obtain an
estimate of wind speeds [48]. The estimate of winds from damage can be quite uncertain.
However, as noted before, it can be extremely hard to quantify the uncertainty using
meteorological observations because extremely limited observations exist that allow for a
direct comparison of winds to damage. Weather radars, as noted earlier, have been one of
the best tools available for estimating winds in a tornado, but they are almost never
available near building height (~10 m AGL), and they do not measure the wind directly
(rather, they measure the speed of scatterers within a volume towards or away from the
radar). As a result, it is hard to know if differences between the damage produced by the
tornado and the winds estimated using radar are the result of errors in the damage-towind speed estimate or are attributable to the nature of the radar estimate (e.g., an average
of the movement of objects in the air over some volume and time period often at some
height well above 10 m AGL). Perhaps the biggest unknown at this time is the vertical

40

profile of winds in the lowest 10-100 m of the tornado. It is highly likely that this profile
varies from tornado to tornado and throughout the life of any single tornado, further
complicating the study of the relationship between damage and wind speeds.
Wurman and Alexander (2005) reviewed the damage reports from the Spencer
tornado and compared them to radar measurements [51]. They found that the wind speeds
in the tornado, in terms of the Fujita scale’s ranges, varied as the tornado crossed through
the town, as shown in Figure 15 (different colors correspond to different Fujita Scale
values). The velocities from radar measurements showed higher values on the south side
of the tornadoes path. These higher radar-measured velocities were consistent with the
damage surveys for the south side, while the radar-measured velocity on the north side
was not consistent with the damage extent in that area [51]. The overall rating of the
tornado was F-4, determined from the worst damage observed.

Figure 15. The Spencer tornado’s path through the town of Spencer, SD. © American
Meteorological Society. Used with permission. [51]
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Based on the above observation, the radar-measured velocity may not be
indicative of the true velocity of the air in the tornadic wind field. Snyder and Bluestein
(2014) explored the issues involved with comparing radar-measured velocity data to wind
speeds as determined by the EF scale [3]. They and others point out that the damage
produced during a tornado is not solely reliant upon wind speed and can be attributed to
debris type in the wind field, tornado duration, and flow structure of the tornado [3].

Figure 16. The tangential, radial, and vertical velocity components with respect to radius
found using a Rankine vortex model. 1) Small Raindrops, 2) Large Raindrops/Small
Hailstones, 3) Large Hailstones/Plywood Sheet and 4) Brick. © American Meteorological
Society. Used with permission. [53]

Figure 17. The tangential, radial, and vertical velocity components with respect to radius
found using a Fielder vortex model. 1) Small Raindrops, 2) Large Raindrops/Small
Hailstones, 3) Large Hailstones/Plywood Sheet and 4) Brick. © American Meteorological
Society. Used with permission. [53]
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Dowell et al (2005) studied the influence of different types of debris in a tornadic
vortex on radar-measured velocities [53]. Two one-dimensional mathematical tornado
vortex models (Rankine [66] and Fielder vortex [97]) were applied to four representative
types of debris (i.e., small raindrops, large raindrops, large hail/plywood, and bricks),
from which relationships between the velocity of the winds and the types of debris (and
their densities and concentrations) were established. This was done by adjusting
equations that govern object motion and object concentration in a vortex, solving
equations for drag force on different types of objects, and using the Rankine and Fielder
models as tangential velocity profile assumptions. They found that the obtained
relationship correlated with the errors associated with radar measurements because the
radar measures the power-weighted mean velocity, not the mean velocity of the actual air
molecules, which agrees with the errors presented in radar scanning discussed by
Donaldson [98] and Williams et al. [99]. The results are shown in Figures 16 and 17. The
differences between the two models are noted by the sharp turning point of the Rankine
model of tangential velocity becoming a curved turning point in the Fielder model. In
each case, as the debris becomes larger and denser, the maximum Vt becomes smaller,
the tornado core radius becomes greater; the maximum Vr becomes bigger, and the
maximum Vw becomes smaller. In addition to these idealized 1-D Vt models, an
idealized 2-D model was also employed to identify any other processes that may impact
the motion of the objects in a tornado. The 2-D model involved solving equations for
motion, drag forces, and vortex flow within a rotating cylinder. These characteristics
were then compared to real-world radar measurements from the Spencer tornado.
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An important point made by Dowell et al (2005) is that the measured data relies heavily
upon the debris type and characteristics, and thus the measurements can change as the
tornado passes through urban vs rural areas (for which different types of debris are
generated).

9. TORNADIC WIND LOAD CALCULATION SPECIFIED IN ASCE7-16

Current design standards for wind engineering (for non-tornadic wind loading) follow
the ASCE 7-16 minimum load criteria, outlined in chapter 26 [100]. According to this
document, the overall scope is to design the main wind force resisting system (MWFRS)
as well as the components and cladding (C&C) to resist wind loads determined using the
provisions specified in the ASCE 7-16. Specifically, they define the basic wind speed as a
three second gust at 10 m above the ground, straight-line wind speeds. Using this wind
speed, the velocity pressure, q, and the structural surface wind pressure, p, on the
structure surface, caused by straight-line winds, is determined using the following
equations and modifying coefficients. The corresponding coefficients are defined in
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According to ASCE 7-16, “tornadoes have not been considered in the wind load
provisions”. There is information in the ASCE 7-16 commentary that provides two
methods for minimizing structural damage and improve the safety of occupants, but this
is not mandatory. They are the Simplified Method and the Extended Method.
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The Extended Method uses Eq. 4 with the design wind speed, V, taken as either
the maximum wind speed from the target design EF scale or from the wind speed map in
ICC 500, FEMA P-320, or FEMA P-361. The remaining modifying coefficients for Eq. 4
and 5 are determined using an alternate method, described in the ASCE 7-16
commentary, to account for the difference between straight-line and tornadic wind
effects. The Simplified Method combines the changed parameters in the Extended
Method into a single tornado multiplier, which is intended to make the extended method
easier to follow. This is claimed to “achieve the same results” [100]. Unfortunately, some
of the coefficients included have been examined by the current authors and the
assumptions and simplifications involved in determining them were found to be
improper, majorly due to the lack of field measured pressure/velocity measurements and
the related research with regards to civil structures.

10. CHARACTERIZATION OF TORNADIC WIND FIELDS USING CFD
SIMULATIONS OR LABORATORY TORNADO SIMULATOR FROM THE
FIELD OF METEOROLOGY

Rasmussen et al (1994) stated that, “Scaled-up extrapolations of laboratory
measurements to full-scale tornadoes must be viewed with caution [49].” Furthermore,
they claim that the use of pre-set boundary conditions leads to uncertainties in calculation
and prediction of real-world values and that physical observations of real-world
tornadoes provide more useful information for tornado theorists. This ideology supports
the use of real-world data over that found in experiment, either numerical or physical.
However, the real-world data is difficult to be collected in terms of physical danger and
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the fleeting nature of tornadoes. Therefore, besides characterizing tornadic wind fields
from the field measurements, as reviewed above, tornado researchers in the field of
meteorology also characterize tornadic winds using numerical simulations and laboratory
tornado simulators.
An early example of the use of numerical modeling of tornadoes is the approach
implemented by Lewellen and Lewellen (1996). They discussed the reliance upon
boundary conditions to mimic the observed real-world phenomena [101]. A variation that
is discussed in their paper is the translation of the tornado. The assumption of
axisymmetric flow and constant circulation are applied to the numerical simulation.
Additionally, emphasis is put on the swirl ratio. They used a surface boundary condition
that had a constant speed of 15 m/s, opposite of the tornado’s translation direction, with a
horizontal boundary condition that imposed a turbulent surface layer, to mimic
translation. Inside the computational domain a 1 km disk, which is used as an outlet
surface for the simulation, was placed at a height of 2 km with a uniform updraft velocity
of 21.9 m/s. From the simulation, they concluded that the tilt of the vortex is caused by
the translation of the simulated vortex. Additionally, tornado center had a 75% lower
pressure than the cylindrical region over the upper part of the domain.
The original physical tornado simulator was developed by Ward in 1972 and is
known as the Ward-type tornado simulator [102, 103]. In this simulator, a central fan was
applied to generate a suction updraft in the middle of the simulator, and guide vanes
around the convergence chamber (at the bottom) were applied to introduce angular
momentum to the air, as shown in Figure 18. The original Ward-type’s primarily use was
for meteorological study [91, 104].
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I

Figure 18. The original Ward-type tornado simulator developed by Ward in
1972.[103]
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Figure 19. The basic premise behind the Purdue simulator used by Fielder and
Rotunno. © American Meteorological Society. Used with permission. [105].
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Fielder and Rotunno (1986) did testing in a non-translating tornado simulator, as
shown in Figure 19. They observed that the tornado vortex generated by this non
translating laboratory tornado simulator had similar flow structure to the real-world
tornado where the vortex makes contact with the ground [105]. From their observation,
they believed that the influence of asymmetrical vortexes would be minimal on the wind
effects induced on civil structures. However, this belief is up for debate in the field of
civil engineering due to the complexities of wind-structure interaction.
Dessens (1972) used a tornado simulator, called a vortex cylinder, see Figure 20,
to evaluate the effects of surface roughness on tornadic wind fields [106]. His simulator
is composed of a closed cylinder with a fan at the top and a partial hood near the fan,
which generated updraft and downdraft within the cylinder. No honeycomb straighteners
are mentioned. He used pebbles glued to a wood plate to simulate surface roughness. He
found that the introduction of surface roughness increased the vertical velocity and
decreased the tangential velocity.
Leslie (1977) improved the original Ward type device by moving exhaust duct to
above the honeycomb section, to promote axisymmetric flow, and moving exhaust to
inside the lab to prevent outside wind from affecting flow with alterations, as shown in
Figure 21 [107]. In order to develop tornado vortices with different swirl ratio and multi
vortex conditions, he introduced surface roughness elements to induce a boundary layer,
similar to the atmospheric boundary layer, to generate a flow that was closer to the realworld observations. From his research he found that surface roughness made the flow
more turbulent and as the surface roughness increased, the tangential velocity decreased,
and the vertical and radial velocities increased.
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Figure 20. Dessens’ Vortex Cylinder, units are in millimeters. © American
Meteorological Society. Used with permission. [106]

Figure 21. Improved Ward-Type simulator used by Leslie (1977). © American
Meteorological Society. Used with permission. [107].
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11. CHARACTERIZATION OF TORNADIC WIND FIELDS USING CFD
SIMULATIONS OR LABORATORY TORNADO SIMULATOR FROM THE
FIELD OF CIVIL ENGINEERING

In order to investigate the wind effects induced by tornadoes on civil structures,
researchers in Civil Engineering have been conducting their study through laboratory
tornado simulator and numerical simulation. Specifically, research institutions have
included physical tornado simulators in their research programs and adapted some
knowledge from meteorology into their designs. In recent years, three such laboratory
tornado simulators have been built in North America. They are located at Texas Tech
University [108], Iowa State University (ISU) [60], and WU [109]. The Texas Tech
simulator follows a similar design to that of the Ward-type model, but the size is much
larger than any other Ward-type model currently in use, as shown in Figure 22 (a). The
ISU simulator generates its wind field using a central fan, but with recirculating air flow
through the duct formed by an outer shell and an inner shell, as shown in Figure 22 (b)
[60]. The simulator at WU has walls of fans surrounding the testing area with a large
central fan at the top in the center, serving as the pressure-outlet, as shown in Figure 22
(d). Tornado simulations are run by turning the fans in the walls to specific angles, to
rotate the air as it enters the simulator. In addition to these, another three tornado
simulators have been constructed in Asia, one in China, at Tongji University [26], and
two in Japan, at Tokyo Polytechnic University (TPU) [27,28] and at the Building
Research Institute [29]. Utilizing these simulators, tornadic wind fields have been
characterized and their effects on low-rise buildings have been investigated
[26,27,28,29,30,31,32,33,34,35,36,37]. Currently, the present authors at Wind Hazard
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Mitigation Laboratory have designed a laboratory tornado simulator that follows the
same mechanism as ISU to generate swirling wind flow. However, they improved the
design by adding roundness to the upper ducts and extending the guide vanes through the
whole length of the turning section, away from the fan outlet, as show in Figure 22 (c).

a) Texas Tech tornado Simulator
Guide
Vanes

3^

—
F a n S ection

J

o o

Honeycomb Section

ft

ft
Ground Plane

b) Tornado simulator at ISU [60]

G r o u n d P la n e

c) Tornado simulator being constructed
at MST

Figure 22. Three tornado simulators built recently in North America for largescale testing, and one currently being built.
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d) WindEEE (Wind Engineering, Energy, and Environment) at WU [110]
Figure 22. Three tornado simulators built recently in North America for large-scale
testing, and one currently being built. (cont.).

a)

Figure 23. Numerical model of the ISU simulator developed by Kuai, et al. [61]. a)
Computational domain and b) Boundary condition setup.

Although CFD simulations have been applied by civil engineering researchers,
most CFD simulations were used to validate the generated wind flow in the laboratory
tornado simulators. The use of CFD simulations to study tornadic wind effects on civil
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structures is rare [111, 112]. For example, Kuai et al. (2008) modeled the tornado
simulator at ISU by using a “sheared inflow initial condition”, which is an initial
condition possessing tangential and radial velocities with vertical velocity set to zero, at
the lower side sections of a cylinder, as shown in Figure 23 [61]. Additionally, an outlet,
located where the bottom of the fan is in the physical simulator, was set to have a vertical
velocity, with tangential and radial velocity set to zero. The velocity input at the velocity
inlet follows the tangential and radial velocity extracted from radar-measured data. No
mechanical components were modeled in their numerical model. They further simulated
the flow field of a full-scale tornado to verify the capabilities of their model and found
that their results were comparable, but not completely accurate at that scale.

Figure 24. The meshing used for the numerical modeling of the ISU simulator by
Cao et al. (2018). The velocity inlet replaces the descending duct in the physical
simulator, an upper outlet replaces the fan outlet at top of the physical simulator,
and a lower outlet replaces the open air section of the lower part of the physical
simulator. [113]

53

Cao et al. (2018) developed a numerical model of their laboratory tornado
simulator, which followed the same principles as the ISU simulator [113]. Rather than
replicate the full mechanical sections of their simulator, they simplified their modeling by
removing the guide vanes, fan, and upper ducts and replacing them with a velocity inlet,
at the bottom of the lower duct opening, and pressure outlets, where the simulator is open
to air and at the location where the top of the fan is located in the physical simulator,
shown in Figure 24. But they did apply a porous media effect to the pressure outlet at the
bottom of the fan. At the velocity inlet, they applied tangential and radial velocities. They
compared their results to the Mulhall and Spencer tornadoes and found acceptable
agreement with their results.
Yuan et al (2018) improved previous numerical simulations for an ISU-type
tornado simulator by including guide vanes and all the mechanical components in the
simulation [114], as shown in Figure 25. To be specific, they modeled the fan using a fan
boundary condition, which applied a pressure jump that is the same as the physical fan
and did not incorporate a velocity inlet or pressure outlet. This replicates the fan section
more realistically. Additionally, they used a porous media boundary condition at the
bottom of the fan section to model the honeycomb air straighteners. In all, the wind field
generated in their simulation is driven exclusively by the fan boundary condition, which
resembles the physical simulator better than other previous numerical simulations.
Besides the numerical simulation of the ISU-type simulator, Ishihara et al. (2011)
numerically modeled a Ward-type tornado simulator using Large Eddy Simulation as the
turbulence model [115]. In their simulation, they modeled the fan as a velocity outlet
boundary condition at the top of the computational domain, rather than modeling the fan
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itself. However, they did model the guide vanes and the honeycomb section. Natarajan
(2011) simulated three different tornado simulators using the FLUENT software: the
Ward-type, the WindEEE device at WU, and the Atmospheric Vortex Engine [116]. In
his model of the Ward-type, he did not model the mechanical components and used an
outlet boundary condition instead of a fan where the fan would be in a physical simulator.
He compared these results to real-world data and found a comparable agreement.

Figure 25. The tornado simulator simulated numerically by Yuan et al (2018). The
system is driven exclusively by the fan boundary condition. [114]

12. CONCLUSIONS AND FUTURE WORK

To mitigate losses and encourage accurate modeling and research in the field of
civil engineering, applied to civil structure design and code improvement, a
comprehensive review of field measurements, lab simulations and CFD (computational
fluid dynamics) simulations of tornadoes from meteorology has been conducted. From
this review, several key tornadoes have been explored and their characteristics have been
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presented. Specifically, characteristics of these tornadoes have been provided in the
following form: velocity in the wind field, pressure distribution in the wind field, tornado
core radius, translating speed, and flow structure (single vortex versus multi-vortex; for
single vortex, one-celled versus two-celled). Also, information has been reviewed in
terms of the driving forces behind tornadoes, and relationships between damage and
reported intensity. In addition, physical and numerical study of tornadoes conducted in
civil engineering has also been briefly reviewed. The goal of the present authors is to
enhance the accuracy of simulation of tornadic wind fields in civil engineering research
by providing the field-measured data from meteorology. This will eventually benefit
individual safety, community resilience, and awareness.
To reduce the devastating impact of tornadoes on communities, more robust,
tornado-resistant designs for civil structures are needed, and this requires that the effects
of winds within tornadoes on civil structures be characterized accurately. To achieve this
ultimate goal, researchers in the field of civil engineering have been conducting
simulations of tornadic wind fields in laboratory tornado simulators and numerical
simulations. The authors have provided a cursory review of the current state of the
science from the meteorological perspective, characterizing tornadoes in terms of the
velocity components, pressure, tornado core radius, translating speed, and tornado flow
structure from several tornadoes analyzed in the literature. In addition, different
approaches to simulate tornadic wind fields, physical and numerical simulations, from
both the fields of meteorology and civil engineering were reviewed. It is noted that this
review was not exhaustive. More papers exist than are reviewed here from the fields of
meteorology and civil engineering, but they may not be directly pertinent to this subject.
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From this review, it is evident that even though a large amount of information is
known with regards to tornado behavior at high above ground ranges, there is little
known with regards to near-ground, which is needed for properly determining design
tornadic wind loading. The current state of civil engineering to prevent disasters relies
heavily upon simulated wind effects found using laboratory tornado simulators and
numerical simulations. Despite all the previous research effort, a tornado resistant design
has not yet been achieved. To accomplish this ultimate goal, the following research is
suggested.
1)

Characterize the wind fields of tornadoes with multiple vortices.
Simulations for single-vortex tornadoes have been widely conducted and
reported. However, in reality, most of previous deadly/costly tornadoes
possessed multiple vortices. The simulation of this type of tornado has not
been sufficiently reported, presumably owing to the computational
expense associated with the need to go from a 2-D to a 3-D domain.
Research is needed to assess which parameters control the number of
vortices in the wind field and properly simulate this type of tornado
numerically and in a laboratory, as well as characterize the wind field of
this type of tornado.

2)

Investigate the wind effects on civil structures induced by tornadoes with
multiple vortices using numerical and physical experimentation. Since
tornadoes with multiple vortices have resulted in significant property loss
and fatalities, to really mitigate these losses, it is important to understand
the pressure, forces/moments (wind effects) induced by this type of
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tornado on civil structures. Parametric study may be needed to investigate
that influence of the size of civil structures and the size of each vortex on
wind effects.
3)

Investigate the dynamic impact of tornadoes. Although the static impact of
tornadoes has been widely studied, the dynamic impact has been rarely
studied. This lack of information may affect the proper determination of
the design tornadic wind loads in terms of gust factor. Therefore, research
is needed to investigate the non-stationary characteristics of wind effects
and the dynamic responses of civil structures.

4)

Investigate the influence of communities or multiple buildings on tornadic
wind fields and wind effects. Currently, when investigating the wind
effects on a civil structure, only the structure of interest is placed in the
tornadic wind field, ignoring the influence of the presence of the
surrounding civil structures on the wind effects of the structure of interest.
In order to properly determine the wind effects on a civil structure,
especially for a civil structure located in a city with complicated
environment, the surrounding structures should be modelled in the
computational domain. Based on this, the characteristics of wind field can
be properly captured and the wind effects on the civil structure can be
properly determined. Further study can be conducted to determine whether
a certain pattern of building layouts increases or decreases the failure rates
of the civil structure of interest.
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5)

Two-way coupled numerical simulation considering tornado-structure
interaction for flexible structures. Currently, it is assumed that the civil
structures in the tornadic wind field is rigid and the civil structures do not
deform and thus do not affect the wind field; Therefore, the wind pressure
on structural surface obtained from CFD simulations can be simply
applied on the finite element model of the civil structures as external loads
for structural analysis. This may be true for relatively stiff civil structures.
However, for relatively flexible civil structures, this assumption may lead
to distorted results. Therefore, research is needed to investigate how two
way coupling can be efficiently achieved between CFD simulations (for
wind field) and finite element analysis (for structural analysis) under
tornadic winds and how different the obtained wind effects by using two
way coupled simulations are from those obtained from one-way coupled
simulation.

6)

Properly determine design tornadic wind loads by modifying the pressure
equation in ASCE 7-16 to calculate the wind pressure on structural
surface. To be specific, the coefficients in the pressure equation need to be
modified by comparing the wind effects induced by the tornadic wind
field and the equivalent straight-line wind field, since the pressure
equation specified in ASCE7-16 is based on straight-line winds.
Therefore, systematic comparison of wind effects on civil structures under
tornadic winds and straight-line winds may be need.
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ABSTRACT

Tornadoes are violent, short-lived wind phenomena that may result in catastrophic
damage to homes and property and significant fatalities. Based on the statistical data, a
majority of the tornado-induced fatalities are related to building failures. As such, it is
important to investigate damage and failure modes of civil structures under tornado
loadings, in order to properly design tornado-resistant buildings. In this study, a literature
review is conducted on recent tornado post-event damage surveys to identify
representative failure modes of civil structures under tornadoes. In addition, based on the
direct observations and through analyzing the reconnaissance survey data collected from
the Jefferson City, MO tornado of 22 May 2019, different overarching damage types are
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presented with inferences behind the cause for each damage type and possible retrofits to
improve building performance under tornadoes. The obtained research findings will
enrich the knowledge base for tornado-resistant design, which will eventually improve
the safety and welfare of the families and individuals living in tornado-prone areas
(Tornado Alley and Southeast of the USA).

1. INTRODUCTION

Tornadoes are violent wind phenomena, often resulting in injuries and death as
well as destruction of buildings in their paths. On average, tornadoes result in 90
fatalities, 1500 injuries, and $1 billion worth of property damage annually [1, 2, 3, 4].
They occur frequently in the United States, roughly 1200 per year based on National
Oceanic and Atmospheric Administration (NOAA) statistics [5]. With such a large
frequency of events and high levels of destruction, it is important to understand how
tornadoes attack and damage buildings so that people can improve their buildings,
protecting themselves, their families, and their property.
Tornadoes have two major contributing factors to building damage [6], which are
significant atmospheric pressure drop in the center of the vortex and high wind speeds at
the core radius. In the case of significant atmospheric pressure drop, suction forces act on
the surface of buildings due to the fact that the pressure outside the building is much
lower than that inside the building. The resulting suction force acting on the roof
(upward) lift off shingles and even the entire roof. The velocity, at any given location in
the wind field, can be decomposed into three components: Tangential velocity, radial
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velocity, and vertical velocity. Tangential velocity represents the rotational speed of air
particles; Radial velocity points towards/outwards the center of the vortex; and vertical
velocity points upwards/downwards. When debris is picked up by a tornado, it becomes a
missile that impacts buildings, creating openings on building envelopes and imposing
damage. The combined effects of pressure and windborne debris may result in
catastrophic damage to buildings. The intensity of a tornado was measured using the
Fujita Scale (F-scale) from 1971 to 2007, and then has been measured using the
Enhanced Fujita Scale (EF-scale) since 2007 [7], which reflects the damage extent to
different types of properties, such as buildings and trees. The wind speed associated with
each EF rating is estimated by a straight-line wind speed that can cause the same extent
of damage. The EF-scale ranges from EF-0 to EF-5, and the estimated wind speed is the
three-second gust wind speed (the maximum averaged wind speed in a three-second time
window during the observation time). Damage to the same type of building can vary,
depending upon the location of the building with respect to the tornado center, as the
tornado-induced wind forces/moments vary in magnitude when different parts of the
tornado vortex pass the building.
Several studies have been carried out on determining the causes for building
failure during tornadoes [8, 9, 10, 11, 12, 13, 14, 15]. For the tornado outbreak in
Oklahoma and Kansas on 3 May 1999, Doswell III and Brooks [8] reviewed building
performance during the tornado, such as the continuous load path (interconnections from
the roof to the walls and to the foundation, shown in Figure 1), the effect of having an
attached garage, the sensitivity of manufactured homes to damage, and the effect of
projectiles. They also made suggestions on the preparedness of residents, with regard to
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where to go and what to do during tornado events, and the availability and quality of
shelters. Kuligowski et al [9] provided an in-depth examination of buildings damaged in
the Joplin, MO tornado of 22 May 2011. Specifically, they examined the hospital, several
large retail stores, several community buildings, and a few residential buildings. They
provided possible failure sequences for some of the buildings. Marshall [11] investigated
post-event damage in Moore, Oklahoma following the tornado on 3 May 1999. He
described different ways failure may occur, how connections can fail, and a possible
sequence of failure, in which the continuous load path may have been inverted by the
wind induced uplift. In another paper [12], he described the limitations of different
building materials and how it was often difficult to differentiate between pre-existing
damage and tornado induced damage. The URS group [13] performed a post-event
damage survey in Greenburg, Kansas following the tornado on 4 May 2007. In their
report, they described different building failures and damage to relate to the EF-scale
varying around the town, but they did not mention any possible failure sequences.
VanDerostyne et al [14] investigated the limitations of building codes, specifically for the
cases when a building was constructed to code and still failed. He described several
specific cases and made recommendations on how to improve outcomes. Considering that
high-fidelity imaging of details can help to assess the damage condition, Womble et al
[15] explored how to capture high detailed images of post-event damage after tornadoes
using aerial drones and LiDAR scanning. Although damaging/destructive tornadoes are
frustrating, post-damage surveys after these tornadoes provide us with an opportunity to
learn more about tornadoes and learn more about the interaction between tornadoes and
civil structures, from which more knowledge on the wind characteristics of tornadoes will
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be accumulated and more knowledge will be gained to guide the improvement of
building codes.
To enrich the knowledge base, a recent tornado, the Jefferson City, MO tornado
of 22 May 2019 (herein referred to as the “Jefferson City Tornado), will be reviewed, in
terms of its wind characteristics and the performance of buildings. To facilitate in
categorizing the damage observed in this tornado, the damage and common failure modes
of civil structures observed in some noted previous tornadoes, as well as lessons learned,
are first reviewed. Then, based on the systematically analysis of the reconnaissance
survey data collected the Jefferson City Tornado, the statistical information on structural
performance is presented, and the damage/failure modes observed are categorized; For
each damage/failure mode, inferences behind the cause and possible retrofit to
avoid/reduce the damage are provided. Finally, conclusions are drawn, and research
needs are identified.

2. REVIEW OF NOTED PREVIOUS TORNADO DAMAGE AND COMMON
FAILURE MODES, AND LESSONS LEARNED

This section reviews noteworthy damage observations from previous tornadoes.
Tornadoes often leave a trail of destruction in their wake. From the destruction, the
mechanism by which tornadoes induce such wreckage may be inferred. A review of the
damage caused by an F-5 tornado near Oklahoma City, OK on 3 May 1999 (subsequently
referred to as the “Oklahoma City Tornado”) was conducted by Marshall after the event
and published in 2001 [11]. During the damage survey, he made several important
observations. Specifically, he found that the connection between the building and the
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foundation could make the difference between buildings being secured during a tornado
versus being moved 295 feet (90 meters) away from their original location. The building
he assessed in this instance did not have any connections between the floor and the
reinforced concrete block that was used as its foundation, nor did it have anchoring to the
ground [11], resulting in the building being pushed to a different location. From this
observation, the continuous load path plays a vital role in reducing the level of damage
observed. If the building were adequately connected to the foundation, it would have
allowed the force to be transferred to the ground and less drag force to act on the house.
In addition, he concluded that the extent of damage observed appeared to be from an F-5
tornado based on the damage criteria of the F-scale, even though the wind speed may not
have reached a high value. The wind speed may have fallen into the range of F-1 or F-2
tornadoes. This indicates that the estimation of the maximum wind speed in the tornado
based on the post-damage condition ranking (F-scale or EF-scale) may not be reliable,
without considering the factor of construction quality.
In addition, Marshall pointed in his 2001 study that roofs that were lifted by
tornadic winds may experience a change in the direction of wind loading. That is to say
that the roof may have been adequately designed for gravity or downward loads, but
when the tornado center with a significant pressure drop (a main feature of tornadic wind
effects) passes a house, the roof will experience uplift (upward) forces due to the low
pressure outside the house, which may cause connections between roof and wall to fail in
a pullout manner. Unfortunately, upon his return to the damaged area three months later,
he found that new houses were still being built to minimum requirements for wind force,
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which reflects the public’s resistance to using higher safety design options, which may be
more expensive.
Doswell and Brooks performed a review of the Oklahoma City Tornado damage
as well, focusing on key structural/nonstructural components from the post-event survey
[8]. From their review, they determined that failures of the continuous load path were
resulted from inadequate connections that were either built nearly to code or not to code.
Additionally, they pointed out that impact from debris projectiles, from the surrounding
area and other damaged buildings, resulted in openings of building envelopes, reducing
the integrity of buildings. They ultimately concluded that the overall best practice for
reducing damage to buildings is to construct a tornado-ready community of buildings (a
concept of improving the strength of the buildings in the entire community), to reduce
debris generation from less secure buildings and ensure consistent construction practices.
An EF-5 tornado occurred in Greensburg, KS on 4 May 2007 (subsequently
referred to as the “Greensberg Tornado”). A post-damage survey was published by the
URS group under FEMA [13]. In this report, they reviewed 46 residential buildings as
well as other buildings in the town, such as a school, a church, a hospital, and a John
Deere building, and assessed the damage degrees for each building, to determine
localized damage/tornado ratings throughout the event area. From their assessments, they
found that most of the damaged residential buildings were not built to modern code
standards. For the buildings that were built closer to standard, which were the newer
buildings, they found that failure of the connection between the roof and walls resulted in
ultimate loss of the roof and failure of the overall structure.
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An EF-5 tornado struck Joplin, MO on 22 May 2011 (subsequently referred to as
the “Joplin Tornado”). This tornado involved an extensive property loss of $2.8 billion
and life loss of 164 people [16]. This tornado was investigated extensively by the
National Institute of Standards and Technology (NIST) [9]. A major finding from their
investigation was that 83.8% of deaths during this tornado were related to building
failures. This further intensifies the need for a tornado-resistant design of civil structures,
extensive tornado research of wind effects on civil structures, and post-damage inspection
of building performance. They found that buildings that did not have extensive bracing
for lateral stability, such as light steel roof decking, suffered collapse more frequently
than those that did, such as buildings with concrete reinforced roofs. Similar to the
Oklahoma City Tornado, failure of most houses started with uplift forces, which may be
evidenced initially by shingle loss, ultimately resulting in a failure of connections
between the roof and the walls. It is of note that residential buildings that performed
better during this event had “hurricane clips” in place, which are strong connectors that
improve the fixity between the roof and the walls. Additionally, they found that damage
to building envelopes can cause loss of usability, which happened to the St. John’s
Regional Medical Center in Joplin, MO [9].
In summary, a weakness in the continuous load path existed in the majority of
buildings that suffered severe failure or collapse [8,9,10,11,12,13,14,15]. Therefore, the
strength of the connections between the roof and the walls, between two stories, and
between the walls and the foundation must be sufficient to resist dynamic tornadic wind
loads in terms of significant drag/uplifting forces, overturning moments, and rotational
moment, which helps to achieve a continuous load path. Although the Insurance Institute
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for Business and Home Safety (IBHS) provides a guidance on the implementation of
metal clips between assemblies (see Figure 1), it was proposed mainly for the resistance
of hurricane winds in hurricane-prone areas. To apply this concept to resist tornadic
winds, it is essential to obtain the tornadic wind loading acting on civil structures, in
order to determine which specific metal clips should be applied and how many of them
should be applied.
In addition, even though the structural components of a building are designed to
be able to resist higher wind speeds, if its envelope is breached by windborne debris, the
overall structure can still fail. Accordingly, community resilience requires the
improvement of the integrity of individual buildings because the failure of one building
may result in windborne debris, which will impact other, previously undamaged,
buildings. Therefore, Doswell III & Brooks [8] have made recommendations on
improving the conditions of the buildings in the entire community and requiring that they
all be built or retrofitted to a set standard; and Kuligowski et al [9] recommended to
increase the strictness of building codes. However, often times, the recommended codes
are either too involved to be practical, such as requiring community-wide improvements
to buildings built by private homeowners and businesses, or publicly disliked, such as
increasing the number of building codes required to be followed. These options would,
theoretically, increase the safety levels of tornado-prone areas. However, when choosing
between extra cost to improve buildings and low occurrence of tornadoes, versus no extra
cost by not improving buildings and high risk of casualty, public opinion can vary
widely.
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Continuous Load Path To Resist Uplift Forces

Roof to Wall Connection
Roof member to top plate connections
Top plate to stud connections

Upper Wall to
Lower Wall Connection
This connection is not required for a
single story home.

Lower Wall to
Foundation Connection
Stud to sill plate connections
Sill plate to foundation connections

■ These connections are not required for uplift but
may be required to transfer shear loads.

nsLrranee

Institute tor
Business &

Safety

A continuous load path ties the roof to the foundation and helps keep the roof from blow ing off during hurricanes In the iHustrat ion above, a variety of typical
:onnectors used to complete a continuous load path
shown; the actual spacing of the connectors may vary from this
mple. Newer h
more likely
pat h connections. For older h om e * it s possible to retrotit and add the connections show n to complete the continuous load path
Every house is different but in general, it will be easier and less expensive to retrofit the Roof to Wall Connection than the Lower Wall to Foundation Connection
Check with a licensed building professional to determine what is feasible for your hom e

to 11ivs tho com runu

Figure 1. Example of recommendations to reduce the effect of uplift on new
construction. [17, 18]

3. JEFFERSON CITY TORNADO: ONSITE RECONNAISSANCE SURVEY,
OVERVIEW OF BUILDING PERFORMANCE AND CLASSIFICATIONS OF
THE OBSERVED DAMAGE

This section presents an overview of the tornado that occurred in Jefferson City,
Missouri on 22 May 2019, direct observations of building damage, and classifications of
the observed damage, as well as the references of the cause for each damage and possible
retrofits.
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3.1. OVERVIEW OF THE JEFFERSON CITY TORNADO AND ONSITE
RECONNAISSANCE SURVEY
On 22 May 2019, an EF-3 tornado struck Jefferson City, MO, which is the capital
city of the state of Missouri. The National Weather Service (NWS) estimated that this
tornado had a peak wind speed of 160 mph and a maximum width of only 0.85 miles
[19]. This tornado passed from the Southwest to the Northeast, damaging residential,
commercial, and government facilities along its path. The total path of this tornado was
32.63 miles long, but the heaviest damage occurred along a 5-mile stretch through a more
densely populated section of Jefferson City. The damaged buildings spread along the
tornado path, as shown in Figure 4. The trail of major damage follows a nearly straight
path. Outside of this path the tornado damage was minor.
Immediately following this event, the present authors of the Wind Hazard
Mitigation Laboratory at the Missouri University of Science and Technology (located in
Rolla, MO, which is 60 miles South of Jefferson City) departed to the location to collect
perishable data using door-to-door assessments, Lidar scanning, and overhead drone
cameras [20]. Figures 2 and 3 show drone footage of one of the most devastated
communities, an apartment complex where the tornado passed directly through. 628
buildings were damaged [21], numerous, foot or thicker, trees were uprooted, and a 1ft
thick, 100-year-old, wall was pushed over. The property loss was estimated at $170
million [22]. In order to collect the perishable data in a quick and methodical manner,
based on the guidance from the National Science Foundation (NSF) Structural Extreme
Events Reconnaissance (StEER), the Fulcrum App was used to perform surveys of each
damaged building. This app allowed for evaluation of the damage to an individual
building based upon the observable damage as well as input of several parameters related
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to the building, such as, but not limited to, type of building, number of stories, roof type,
type of siding, and year in which building was constructed, etc. Additionally, a section is
included to insert images taken by the surveyor on site. Most importantly, inside the app
a Boolean system is adapted to determine which damage rating applies based upon the
following parameters, percent failure of roof or wall, percent loss of roof deck, percent
damage of window/door, and percent failure of window glass. This rating is one of the
five following levels: 1) destroyed, 2) severe, 3) moderate, 4) minor, and 5) undamaged.
“Undamaged Ranking” means that the building only experiences superficial damage, for
example, it may have cracked glass, rather than busted out windows, or a couple of
missing shingles, rather than 10% of the shingles missing. Training was provided online
before using the app and a minimum level of competency, a degree in an applicable
Science, Technology, Engineering, and Mathematics (STEM) field, is required to serve
as a surveyor. Damage conditions of 95 buildings were collected and assessed using the
Fulcrum App.

Figure 2. Drone footage of Hawthorne apartment complex that suffered severe
damage. Photo Courtesy to Terry Barner of Missouri University of Science and
Technology.
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Figure 3. Close up drone footage of apartment complex that suffered severe damage.
Photo Courtesy to Terry Barner of Missouri University of Science and Technology.

Figure 4. Map of Jefferson City, MO with location of surveyed buildings [20].
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3.2. OVERVIEW OF BUILDING PERFORMANCE DURING THE JEFFERSON
CITY TORNADO
Following the onsite reconnaissance survey, each surveyed building was reviewed
in detail based upon the surveyors’ inputs, and the images taken, to establish additional
characteristic categories for statistical breakdown. Figure 5 shows the statistical spread of
the 95 surveyed buildings with respect to their damage rating and characteristics of
interest. Among these buildings, 65 are single family buildings, 20 are apartment
buildings, 8 are commercial buildings, and two are governmental buildings. Of the
buildings that experienced moderate to destroyed ratings, majority of the buildings were
residential and had a brick veneer, with the roof type of asphalt shingle. It is of note that,
of the buildings surveyed, only two buildings (accounting for 2.1%) were found to be
constructed less than 40 years ago. This may mean that newer buildings were better at
resisting this intensity of tornado. “Destroyed” ranking is mainly distributed in the
following three age groups, 41-50-year-old range, 60-70-year-old range, and the 81-90year-old range. Although in the 81-90-year-old range the damage rating is more spread
out, while in the 41-50-year-old range the damage rating is skewed to the “Destroyed”
rating. From the map shown in Figure 6, the cluster of buildings that fell into the 41-50year-old range were all located in the same neighborhood. They are a cluster of multi
family apartment buildings. The entire complex was constructed in the same year, 1978.
Records show that in Jefferson City, the 2015 International Residential Code (IRC) and
2015 International Building Code (IBC) were adopted in 2017 and prior to this update the
2009 editions of both codes were used, which were adopted in 2012 [23]; the records
were not available to determine what code was used during the year of the apartment
complex’s construction.

84

Figure 7 presents the breakdown of the destroyed buildings by siding type. It
shows that brick veneer is the major type of siding of destroyed buildings. It was found
by firsthand observations in the Hawthorne apartment complex that the tiebacks were
inadequate by today’s standards. The current specification in Jefferson City, IBC 2015,
requires that one tie must be present for every 2 square feet of veneer [24]. Additionally,
the tiebacks to the backing should be connected to every wood stud behind it, at a stud
spacing of no greater than 16 inches on center. This means that the vertical spacing
should be no greater than 18 inches (16 in. X18 in./144 in.2=2 ft2). On site, it was
observed that the tiebacks were installed at an interval of 16 inches horizontally and at an
interval of 36 inches vertically, as evidenced by the tiebacks still present, even though the
brick veneer had fallen off. The brick veneer tiebacks were spaced too far apart and

71-30 Years

resulted in a weakening of the brick veneer.

Figure 5. Distribution of damaged buildings based upon damage severity for different
characteristics.
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a.
b.
c.
Figure 6. Severely damaged multi-family apartment building complex constructed in
1978. a) The location of the complex with respect to Jefferson City, MO. b) Zoomed in
location of the complex with the damaged buildings shown as colored dots, following
the rating system shown in Figure 4. c) Aerial drone images of the complex.

Siding Types - Destroyed Buildings
6%

6%

82 %
Vinyl

■Wood

■Brick

■Concrete

Figure 7. Siding types for the destroyed buildings broken down by percentage.
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3.3. CLASSIFICATIONS OF THE OBSERVED TORNADO-INDUCED DAMAGE
A variety of building damage types were observed in the post-event survey. These
included, a) roof cladding damage, b) roof structural damage, c) roof-wall connection
failure, d) wall cladding damage, e) wall structural damage, and f) complete destruction.
3.3.1. Roof Cladding Damage. Roof cladding can be defined as any
nonstructural component of the roof that serves to cover and/or protect the contents of a
building from environmental elements. This is typically in the form of plywood-oriented
strand board (OSB) covered with a weatherproofing component, such as asphalt shingles,
or steel sheet, to name a few. These aforementioned components may be partially or fully
damaged, while the supporting system, roof truss, is not damaged. Damage to the roof
cladding can be in the form of removed shingles, penetrations through the OSB, and
removal of the OSB. To quantify the damage, often the amount of lost shingle coverage
is used. For instance, if a building has lost 25% of its shingle coverage and the OSB is
exposed, this may be considered a “Moderate” damage case, whereas if 50% of the
shingles are lost or the OSB is penetrated in several locations, the damage may be
considered “Severe”. Potential causes for the damage to roof cladding include: 1) a high
suction force (uplift) due to negative pressure and 2) a high shear force due to the
significant change of velocity along the direction perpendicular to the roof surface, which
is likely responsible for initial shingle losses.
Figure 8 presents a building in the Hawthorne apartment complex that
experienced roof cladding damage. In several places the asphalt shingles are completely
removed from the roof and some of the plywood sheathing (OSB) is removed as well. In
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this case, the underlying roof trusses are intact, but these openings expose the inside of
the building to rain and pressure changes.

Figure 8. An example of roof cladding damage. The sheathing is damaged in certain
locations with roof truss exposed.

3.3.2. Roof Structural Damage. Roof structural damage differs from roof
cladding damage in that the damage is not superficial or solely related to the
environmental protection components. This type of damage involves the failure of the
roof truss or other type of roof supporting system, or even worse the entire roof system
being removed off the building. The former is caused by the lower strength of the roof
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truss or the roof supporting system relative to the tornadic wind loading, while the latter
is caused by the connection failure between the roof and wall. In most cases, the type of
damage is identified from the deformation of the roof ridge line, as shown in Figure 9; in
other cases, the cladding is completely removed, and the roof structural members may be
seen directly through the damaged roof cladding, as shown in Figure 10. Figure 9 shows
the failure of the roof truss system, indicated by the sagging of roof ridge in the middle,
while the sheathing may be intact. Figure 10 presents a building where the roof sheathing
and support members have failed. The truss has fallen into the second-story interior
rooms, with the walls still present.

Figure 9. An example of roof structural
damage. This is a single-family
residence with roof sheathing intact,
based on visible areas in image. Roof is
displaced downward in the middle
indicating the supporting members
failed.

Figure 10. An example of roof structural
damage. This is a multi-family residence
with roof sheathing and support members
failed. The remainder of the roof is present,
but the side shown has completely collapsed
into the second-story rooms.

3.3.3. Roof-wall Connection Failure. The roof plays an important role in
protecting people and properties inside a building during and following tornadoes. As
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such, when the entire roof is lost, the people inside the building are exposed to extreme
danger from windborne debris and any other falling objects and their possessions may be
lost or damaged by wind/hail/debris/rain/etc. Therefore, even though the wall cladding
and the structural frame may still be intact, it is important that the roof connection to the
walls is sufficient enough to avoid loss of the entire roof. Figures 11 and 12 both
demonstrate the roof failure due to insufficient strength of roof-to-wall connection. This
is evidenced by the fact that the walls are mostly intact in both buildings and the roof is
completely removed. This type of failure is commonly reported in literature as a failure
of the continuous load path caused by significant uplift forces on the roof.

Figure 11. Single-family residence with
roof completely removed with walls
intact.

Figure 12. Single-family residence with
roof completely removed.

Figure 13 shows the complete removal of the roof. In this case, the roof-to-wall
connection failed, as evidenced by the clear separation between base of the roof and the
top of the wall, and then the roof was carried off the building and into the front lawn.
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Figure 13. Single-family residence with failure of the roof-to-wall connection as well
as failure of the wall-to-foundation connection. It is unclear as to if the wall-tofoundation connection failure occurred as a result of the wind force after the roof failed
or if the roof-to-wall connection pulled the wall down with the roof as it fell.

3.3.4. Wall Cladding Damage. Wall cladding is similar to roof cladding in that it
helps to protect the supporting structural components as well as the interior of the
building from environmental elements. This type of cladding is often composed of OSB
in residential construction and may or may not have a moisture barrier wrapped around
the building. In addition to these, different coverings may be implemented to protect the
OSB and increase building aesthetics. For example, brick veneer, vinyl siding, wood
siding, or steel sheeting may be used, to name a few. Each of these covering types are
susceptible to damage during tornadoes in different ways. For instance, brick veneer may
be pulled or pushed down off the wall by extreme winds that induce high positive or
negative pressures on the building surface or high impact debris, vinyl and/or wood
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siding may be ripped by high or low impact debris and torn from the wall by wind shear,
and steel sheet may be pulled from its connections by high positive or negative pressure.

Figure 14. An example of wall cladding damage. This is a commercial storage shed
with several panels of steel sheets pulled out of the wall, with some connections failed.

In Figure 14, the steel sheets are pulled off, but the wall structural supports, and
the sheets themselves, were undamaged. If the connection between the steel sheets and
the structural support system had been stronger, the cladding would not have pulled off.
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This may have been accomplished by simply adding more screws or nails to the middle
of the cladding, where the structural members cross horizontally, shown in the figure.
3.3.5. Wall Structural Damage. For this type of damage, structural components
in the wall, such as wood studs or steel studs, are removed, broken, or displaced within
the wall. This occurs due to the fact that the total wind force on the wall exceeds the
available strength of the main-wind force resisting system. The total wind force on the
wall depends on the total wind pressure acting on the outside and inside of the wall.

Figure 15. Multi-family residence with wall damage. The brick veneer is fallen into
the alleyway between the two buildings.
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In Figure 15, the brick veneer and several wood studs are present in the debris in
the alley. This indicates that the wall has lost some structural members (wood studs). This
damage is likely due to extreme negative pressure on the wall as a result of air
accelerating when passing between these buildings. To be specific, the alley acted like a
canyon. As the area of the air path decreased, the velocity increased, resulting in lower
pressure outside the wall and thus leading to resultant pressure to be outward, considering
the pressure inside the house to be standard atmospheric pressure.

Figure 16. Multi-family apartment building with damage to the second story wall
shown, with wall structural damage occurring. Next to this building is the mechanical
facility building for the entire apartment complex, which has been completely
destroyed.
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In Figure 16, a big opening is observed in the wall and studs can be seen out of
alignment with the upper connection, meaning they are no longer perpendicular. In fact,
this building is exactly located at the centerline of the tornado path, evidenced by the
complete destruction of the building next to it, which is the mechanical facility building
for the entire apartment complex. This wall structural damage was mainly caused by
tornado induced pressure. For this type of wall damage (structural members), the entire
wall may need to be replaced in order to stabilize the building.
Figure 17 presents a unique case of failure from this post-event survey. The
structure in the photo is a 1ft thick, 100-year-old wall at the old Missouri State
Penitentiary. This wall has stood for over a century, through storms and severe weather,
but this EF-3 tornado pushed the wall over. This is an example of a wall structural
damage that applies to a non-building/irregular structure.

Figure 17. An example of a wall structural damage. This is the failure of the 1ft thick,
100-year old, wall of the old Missouri State Penitentiary. In retrospect, this wall has
stood for decades through multiple storms and extreme events and was pushed down by
this EF-3 tornado.
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3.3.6. Complete Destruction. Apart from isolated damage to roof cladding, roof
structure, wall cladding, and wall structure, damage can occur in more than one
component at a time, which may be described as a complete destruction. In this case, the
chronology of damage may be unknown as little or no evidence of connections or
supports remain for investigation and the building is reduced to a heap of rubble. Possible
causes for this type of destruction can include all features of tornadoes including, high
positive pressure due to high wind speed, high negative pressure due to atmospheric
pressure, and high impact loading from wind-borne debris.

Figure 18. Example of complete destruction. This is multi-family apartment building
with second story completely destroyed.
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In Figure 18, part of the second story and the roof of the entire house are
completely destroyed. In addition, the brick veneer on the first floor was likely pulled off
by the negative pressure from the vortex passing over the building. For this case, it is
impossible to tell if the second story wall failed first or the roof, but, as a beginning point
for future mitigation, both the roof-wall connection and the connection between the
stories should be strengthened as a precaution.

Figure 19. Multi-family apartment
building with second story walls and roof
completely destroyed. .

Figure 20. Another example of complete
destruction. Multi-family apartment
building with roof failure with several
trusses fallen into the second story living
space.

Figures 19 and 20 present two multi-family apartment buildings that are
completely destroyed. Although these two buildings are far away from each other (one is
on the Southwest corner and the other one is on Northeast side of the Hawthorne
apartment complex), the damage pattern are similar. Only the roof and the second story
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are destroyed. In fact, these two buildings are exactly located in the centerline of the
tornado path, which means that these two buildings experienced high wind speed (related
to tornado core radius) twice and high atmospheric pressure drop (related to tornado
center) once. During this process, most likely, the roof was destroyed first, and then, with
less support from the roof, the walls behaved like a cantilever wall. With high wind
speed, the high wind pressure pushed the walls down. Once again, this shows how
essential it is to protect the roof by installing sufficient metal clips between roof and
walls.
It is worth noting that if the roof to a single-story building is completely torn off,
the wall may still not be damaged. This is because the bottom plate in a single-story
building is bolted sturdily on the concrete. On the contrary, for a two-story building the
connection of the bottom plate between two floors does not provide as sufficient strength
as that for a single story building. In addition, the wind speed is higher at a higher
elevation (the second floor). In terms of this, single story buildings perform inherently
better than two-story buildings (or buildings with more stories) under tornadoes.

4. CONCLUSIONS

In this study, the present authors first reviewed how civil structures performed in
previous notable tornadoes, and then systematically analyzed the first-hand post-event
damage data they collected from the 2019 Jefferson City Tornado, in order to improve
the understanding of failure modes of civil structures under tornadoes.
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In general, under any tornado, civil structures fail as a result of failure of the
continuous load path, which is manifested as the failure of the structural system (roof
supporting system and wood/steel framing system), of the building envelopes (roof and
wall), and of the connections between assemblies. In fact, the actions of tornadoes on
civil structures include wind pressure (either positive or negative) and impact from
windborne debris. Failure of a structural system is normally due to the fact that the total
wind forces/moments acting on the entire structure or acting on the individual structural
components (e.g., a wall) are too large; Failure of building envelopes is due to the fact
that the pressure on the individual part of building envelope is too large or the windborne
debris impact loading is high. To ensure that a civil structure survives during a tornado,
the civil structure should possess a continuous load path (with strong roofs, walls, floors,
foundations, and connections between each two) and impact resistance.
An important finding from the Jefferson City Tornado is that single-story
buildings perform better than two-story buildings (or buildings with more stories) under
tornadoes, which is related to the inherent higher strength between the first story and the
concrete foundation than that between two stories. The selection of a single-story
building can reduce the hazard risk from tornadoes.
Besides the performance of the buildings described above, multiple historic
buildings throughout Jefferson City, MO were severely damaged. This indicates the
weakness of historical sites to severe winds and the need to retrofit aged buildings against
extreme winds to preserve these buildings for future generations.
In addition, in the Jefferson City Tornado, it is not unusual to observe that
building walls, window glass, doors, and cars were damaged by windborne debris, which
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may originate from weak houses. This verifies that tornado resilience is a matter for the
entire community. Therefore, community-wide regulations may be required to improve
the strength of existing buildings through retrofits and build up to code or above code for
new ones, to really achieve community resilience.
Based on the observations of the damage to civil structures under previous
tornadoes and the Jefferson City Tornado, the present authors identified the following
research needs to increase safety in tornado-prone areas.
1)

Develop a readily applied approach/standard/guideline to conduct the
retrofit of existing buildings to achieve continuous load paths. Although
“hurricane clips” may be applied, the specific number of “hurricane clips”
needed depends on the target tornado intensity. Accordingly, an easy
approach to estimate the design tornado wind loading will be useful. In
addition, the material degradation experienced by existing buildings
should be considered in order to refine the required number of “hurricane
clips”. Considering that “hurricane clips” need to be applied between
structural components that are normally not easily accessible, it is
important to innovatively develop construction techniques to identify and
access the spots to install “hurricane clips”. To facilitate the buy-in from
the community, the benefit-cost analysis may need to be conducted, in
order to enable the public to make informed decision

2)

Develop new materials that are good at dissipating impact energy for
building envelops. Although windborne debris (WBD) impact seems to
cause local damage to a building, it may eventually cause the failure to the
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entire building due to the fact that the opening induced by WBD can result
in the change of internal force of the building, complicating loading
situation and failure mechanism. For this, impact loading from WBD need
to be estimated (for a target tornado intensity) to provide the required
strengthen and dissipating capacity for new materials. WBD is a random
process and complicated to model. Researchers have attempted to model
debris in a tornadic wind field, without buildings [25, 26], but modelling
the impact of WBD on buildings would be more complicated and
computationally intensive. It is significant to study how to properly model
the interaction between tornadoes and civil structures at a reasonable
computational cost. The research findings will provide the estimation for
the impact loading from WBD.
3)

Improve structural integrity to avoid the failure mode of complete
destruction by investigating the damage progression using the combination
of Computational Fluid Dynamics (CFD) simulations and Computational
Structural Dynamics (CSD) analyses. For buildings that are severely
damaged or completely destroyed, there is no way to tell what the
chronological failing sequence is or where damage initiates through the
reconnaissance survey data or onsite observation. A numerical model that
can reproduce the observed damage will provide an insight on where
needs for reinforcement exist. To achieve this, CFD simulations need to be
applied to obtain the action of tornadoes (wind pressure) on the civil
structure, and then the obtained wind pressure will be applied on the finite

101

elemental model of the civil structure to run CSD analyses. In CSD
analyses, nonlinear analysis may be considered to make full use of
materials. For the CFD model, sufficient validation is required in order to
get valid tornadic wind effects on civil structure.
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ABSTRACT

Tornadoes are violent, short lived wind phenomena that induce large pressure
forces on civil structures in short amounts of time. These transient forces often result in
extreme damage to the structural components of the building and warrant further
investigation. Numerical simulation is a new method of researching tornadoes that is
becoming more readily acceptable and used to determine tornadic wind loadings on civil
structures. In order to accurately model tornadoes, it is necessary to utilize proper
turbulence models to fully understand the transient nature of the forces at play. No
previous research has sought to compare turbulence models in a 3D simulation of a
translating tornado and thus a research gap exists. In order to bridge this gap, multiple
turbulence models were researched and two were selected for comparison using nearly
identical simulation setups. The simulations were run, and six key locations were
investigated to determine the behavior of the tornadic wind field and the structural
surface pressure distribution. Of the models used, the k-ro model resulted in the highest
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force on the building. The k-ro model and the LES with Smagorinsky-Lilly Subgrid
model resulted in similar velocity and pressure values.
Keywords: Turbulence models, Tornado, Civil Engineering, Pressure, Velocity, CFD

1. INTRODUCTION

Tornadoes are violent, short-lived wind phenomena that can result in death and
damage on a catastrophic scale [1, 2, 3]. Although there has been more research into
tornadoes in the past few decades [4, 5, 6, 7, 8, 9, 10, 11, 12], collection of field data is
limited. From this deficiency of available data, simulating tornadoes in laboratory
tornado simulators and numerical simulations has become increasingly important to
tornado-resistant design and research [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24].
Considering that laboratory tornado simulators are space consuming and costly to
conduct experimental testing in, numerical simulation provides an alternative solution to
physical testing.
Tornadic wind flow is inherently turbulent. A turbulent wind flow is characterized
by fluctuation of the velocity in the flow field with time, and it is a dynamic process that
consists of eddy formation, eddy transportation, and eddy dissipation due to viscosity.
Turbulence may be caused by temperature fluctuations in the air that result in updrafts, or
downdrafts, or may be caused by surface roughness or topography [25]. Properly
modeling turbulence significantly increases the accuracy of numerical simulations.
Turbulence models vary in terms of how they represent real-world turbulence in a
numerical setting and thus should be investigated further in different types of flow fields,
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specifically, in this study, tornadic wind flow around civil structures. Different turbulence
models have been developed and widely used in different numerical simulations of wind
flow [24, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36], as summarized in Table 1.

Table ^1. Analytical models for representative turbulence methods.
Filtering process is performed on Navier-Stokes Equation.
Filtering Equation [37]:
U(x, t) = j G (r,x)U (x —r, t)dr
Large Eddy
Simulation
(LES)

where integration is over the entire flow domain and the specified filter
function G satisfies the normalization condition: J G(r, x)d r = 1
Smagorinsky-Lilly Subgrid [38]:
Pt = PL2S\S\
where

is eddy-viscosity, Ls is the mixing length defined as Ls =

min (Kd, CSA) where Cs = 0.1 and A = V*, and |s| = j2S^jS^j
Transport Equations [38]:
Turbulent Kinetic Energy (k)
d
d
T t (p k )+ W i (p ku l)
d \/
ut \ dk
= W ^ + T j ~ d l \ + Gk + G,’ —I,E — YM + Sk
k-s

Rate o f Dissipation (s)
d
d
T t (p o + - ^ ( - p ^ d
d \(
ut\ de]
e
= w l [ { ^ + ^ ) d i ; \ + Ci‘ k (Gk + C3‘ Gb)
£3
— C2e P~£ + Se
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Table 1. Analytical models for representative turbulence methods. (cont.)

Turbulent Viscosity:
k2
Pt = PC,
where

is a constant.

Model Constants:
By default, Cls = 1.44, C2s = 1.92, C„ = 0.09, ak = 1.0, as = 1.3
Transport Equations [38]:
Turbulent Kinetic Energy (k)
d

d

d
r
+ Gk - Ym + Sk
dx:7L 3X;

Specific Dissipation Rate (rn)
d
k-ro

d
d
r
+
+ i ^ (p" Ui) = dx:H
3X;
^ JJ

- Yco + S^

Effective Diffusivity:
r
,P t
rk = P +---°k
r
,P t
rco = M+----Turbulent Viscosity
m = a —
Shear Stress
Transport
(SST) k-ro

The SST model uses similar Transport Equations to the k-ro, slight
differences in specific constant values and variable definitions,
specifically the modeling of Turbulent Viscosity, shown below [38].
Turbulent Viscosity:
Pt

1
\1 SF2]
max I—
-I
W,—
AjWj

where F2z = tanh v(Of)
and O2 = max
^
distance to the next surface.

[2

[

^

0 .0 9 w y

, p50°M
|, where Jv is the
y 2<M.T
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Table 1. Analytical models for representative turbulence methods. (cont.)

Similar to the k-s model with the exception of using an effective
viscosity and an additional term in the rate of dissipation equation.
Rate o f Dissipation (s)
d
d
T t (pc) + W t (pcUi)
d
1

II

Re
Normalization
Group (RNG)
k-s

d£
£
£
+ ClE-^(Gk + C3sGb) — C2eP~£
aePefrd^j
—Rs + S£

Effective Viscosity [3 8]:
Pt

pCu k 2
£

where C,, = 0.0845.

Transport Equations [38]:
d ( ----- \
3 /
----- \
d
\pu[uju'k + p '(S kJu'i + Siku :)
dxk
( ------du: ------ dut'
d \ d (----- \
p I u[u'k - ----+ u'u'h
U'i U k ^ ---+ ar A P a Z i u '^ui )
J k dxu
dxu
i -----------= \
(du- du’A
- p P {g l^t e + g iwlg ) + P '^ a ^ r + a ^ rj
Reynolds
Stress Model
(RSM)

du’; du- 2 p T t T t ~ 2p<

UjUm£ikm + UiUm£jkm^

+ s,.

Turbulent diffusion (DT) =

[puluju'k + p'{8kjU[ +

Molecular diffusion (D}) =

(u-uj)J

Stress production (P) = p (ulu^ ^

+ u}u'k
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Table 1. Analytical models for representative turbulence methods. (cont.)

Buoyancy production (G) = pfi

+ gjU\Q^

Pressure strain (^) = p' 1—1 + —L I
.
. . , .
Dissipation m =

d u '- d u ' :

‘

dxk dxk

Production by system rotation (F) = 2

(u'jU'm£ikm + u'iu!m£j k m ^

User-defined source term (S) = Suser

Large Eddy Simulation (LES) is characterized as using a filtering equation to
filter out large eddies for direct solution and model small eddies numerically [31, 38].
This is possible because large eddies are associated with easier direct solution, related to
momentum, velocity, energy, and geometry, while small eddies rely on dissipation and
less on geometry. In the equations shown above, the U and U are place holders for any
variable that is incorporated in the Navier-Stokes Equations. In this way, all of the
Navier-Stokes Equations are filtered using the G function, which in ANSYS FLUENT is
equal to - where V is the volume of a computational cell. If the eddies are contained
within a group of cells, then they can be solved for directly, but if the cell density is not
small enough to encapsulate the eddies in a group, then a subgrid is used to model these
smaller eddies. In this instance, the smaller eddies are modeled using the SmagorinskyLilly subgrid. For these smaller eddies, the eddy viscosity, pt, is calculated as a function
of the air density (p), the stress tensor (5), and the mixing length (Ls), where Ls is a the
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lesser of the product of the von Carmen constant (k) and the distance to the nearest wall
(d) or the product of the cell wall length (A) and an empirically refined constant (Cs)
equal to 0.1. This eddy viscosity is then used to determine stresses in the filtered NavierStokes Equations that were not resolved directly. Although LES is more versatile than
some of the other methods for evaluating turbulence, LES requires extensive
computational time in order to fully resolve the small eddies.
An alternate to using LES is combining LES with Eddy Injection. LES with Eddy
Injection is a relatively unique way of implementing LES in that it solves for eddies in a
separate simulation. In the case of Bryan et al (2017), it was solved in a 2D simulation
and imported into a 3D simulation by assuming axisymmetry [30]. This method is useful
because it reduces the computational cost of the simulation, but its reliance on the
assumption of axisymmetry is troublesome if trying to simulate more complex tornado
structures and scenarios, such as the multi-vortex case, e.g., El Reno, OK, 31 May 2013
[39] and Spencer, SD, 30 May 1998 [40], and the effects of translation, because these
result in asymmetry.
Reynolds Averaged Navier-Stokes (RANS) turbulence modeling involves
substituting two components for velocity into the Navier-Stokes Equations, averaged and
fluctuating. In this way, the Navier-Stokes Equations are made more general and account
for fluctuations with time. Solving a RANS type model involves accounting for
dissipation and energy losses. This type of modeling includes several different specific
methods (k- s, RNG k- s, k-ro, SST k-ro, to name a few), but the overall result is similar in
that the flow field is averaged and will display characteristics of averaging, i.e., less
specific details with regards to eddies compared to an LES solution.
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The k-s model uses two equations to solve turbulence, turbulence kinetic energy
(k) and dissipation rate (s) [38]. In ANSYS FLUENT, turbulent kinetic energy was
derived using an exact equation while dissipation rate was obtained using physical
reasoning. Although an exact mathematical derivation exists, this process was used to
further refine the dissipation rate equation and improve the results. Specifically, the k-s
model was derived under the assumption of fully turbulent flow. The k-ro model is an
empirical based model with transport equations for turbulence kinetic energy (k) and
specific dissipation rate (ro), which is a ratio of s to k [38]. This model incorporates
modifications for low-Reynolds number effects, compressibility, and shear flow
spreading. The SST k-ro model was first introduced by Menter (1993). This model was
derived to account for the transport of turbulent shear stress, which was not accounted for
previously [41]. This specific model is described as a combination of k-s and k-ro with
the benefits of both models [26].
The RSM model is an elaborate form of the Reynolds Averaged Navier-Stokes
equation that employs seven transport equations in 3D flows, which are for turbulent
diffusion (DT), molecular diffusion (D,), stress production (F), buoyancy production (G),
pressure strain (^), dissipation (£), and production by system rotation (F), as detailed in
[38], to close the Navier-Stokes equation and arrive at a final solution [38]. This model
relies on dissipation rate or specific dissipation rate (s or ro, depending upon which is
selected) and the assumptions in the selected equation. This model is more intensive to
set up, specifically in meshing requirements in terms of density around boundary
conditions, to achieve accurate results.
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Which turbulence modeling method should be used in the simulation of a wind
field, especially a tornadic wind field? Or which turbulence modeling method can
facilitate in reproducing real-world winds or a tornado? The k-s model has been used to
simulate boundary layer winds, flow over roughness, and tornado-structure interaction
[32]. This method has shown reasonable accuracy in practice but has poor performance in
the presence of strong flow separation [26]. RNG k-s is a modified version of k-s that has
been cited as being superior to the original k-s models [27], specifically in swirling flows
inside a cylinder. Standard k-s is currently being replaced by newer models in
commercial software, specifically k-ro [26], but it may still be applied in more simplified
flows. The k-ro model is based on the Wilcox model, which is sensitive to freestream
flow and thus modifications were made to generate the final form of the k-ro model used
in ANSYS [38]. The k-ro model has been found to provide good results for internal flows
with strong vortices, but it can have difficulty in converging the solution compared to k-s,
sometimes over-predicting shear stress and separation [26]. The SST k-ro model can
model wall turbulence as well as open flow turbulence. The RSM model has been
described as being highly sensitive to initial conditions, geometry, and mesh, requiring
intensive preparation before running the simulation [26]. More effort is placed in
ensuring the geometry, mesh, and initial conditions are refined for this model. The RSM
model has been compared to RNG k-s, k-s, and k-ro turbulence models in tornado
simulations by Fielder and Garfield (2010) [27]. Their tornado model was idealized as a
2D axisymmetric flow, neglecting both the asymmetric nature of real-world tornadoes
and the translation of tornadoes. They found that the produced tornado-like vortex based
on the RSM model possessed the highest intensity, but it was also the most
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computationally costly. LES appears to be the more popular model for simulating
tornado-like vortices numerically [24, 28, 29, 30, 31, 34]. It has been suggested that this
model is ideal for external aerodynamics, flow outside the confines of a structure, but it
has difficulty in properly predicting behavior of the turbulence near walls, and thus
requires a finer sub-grid near walls to improve the solution [26]. Belostotskiy et al (2015)
used two turbulence models, RNG k-s and Unsteady Reynolds Averaged Navier-Stokes
(URANS), sequentially when modeling the performance of nuclear power plants under
tornado-like winds. Their results were presented as part of a simplified overview of
different loadings on nuclear power plants, e.g., hurricanes, tornadoes, car impacts,
tsunamis, etc. [36]. The lack of a clear and detailed comparison between turbulence
models used in tornadic wind flows and their effects on tornado induced pressure
demonstrates a significant research gap.
To bridge this research gap, a comparison will be made among different
turbulence models to determine the difference in results when applying the same basic
setup. Following the literature review of turbulence modeling and behavior of different
turbulence models in tornado simulations, two of the turbulence models (LES with
Smagorinsky-Lilly Subgrid and k-ro) were chosen for comparison in a 3D full-scale
tornado simulation with a building present. The obtained results can be used to determine
the influence of different turbulence modeling on the surface pressure for civil structures.
These turbulence models were chosen for their respective benefits. To be specific, the
LES with Smagorinsky-Lilly Subgrid method was chosen because of its versatility in
simulating open air flows and the level of detail that it generates. The k-ro model was
selected because of the ease of setup associated with it and its reliability in producing
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results without intensive computation. In this study, in each case, the action of translating
full-scale tornado will be simulated to determine the influence of turbulence modeling on
surface pressure and forces acting on the civil structure. The remainder of this paper will
be presented as follows. Firstly, the numerical simulation setup will be described in
detail; Secondly, the results from the simulation based on each turbulence model will be
presented. From these results, key comparisons can be made between the different
models in terms of intensity, effectiveness in representing a tornado-like flow structure,
and the ease of application of the model; Thirdly, final conclusions will be drawn.

2. SIMULATION SETUP

A full-scale tornado is simulated in a cylindrical computational domain with a
height of 1100m and a diameter of 1600m, with a velocity inlet at the lower sides that
extends from the bottom of the cylinder to an elevation of 100m along the bottom rim of
the cylindrical domain and a pressure outlet at the top with a diameter of 680m, as shown
in Figure 1. The mesh of the domain with the overall dimensions is shown in Figure 2.
The tornado being modeled is the one that occurred in Spencer, SD on 30 May 1998
(hereafter referred to as the Spencer Tornado). This tornado was an F-4 tornado (Fujitascale), that translated at a speed of 15m/s [42]. The civil structure modeled in this study is
a gable-roofed building with the dimensions shown in Figure 3. More details may be
found in [43]. The air is modeled as incompressible, since the velocity does not approach
the Mach number.
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Figure 1. Location of the pressure outlet and the velocity inlet in relation to the
cylindrical domain.

Figure 2. Dimensions for the cylindrical domain.
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2.1. VELOCITY INPUT AT VELOCITY INLET
To model the Spencer Tornado, Equations (1)-(3) were applied as the radial and
tangential velocity components at the velocity inlet (at the radius of 800m of the
computational domain). They were obtained using the data regression technique of the
radar-measured velocity data at the radius of 800m. For further details, refer to [44].
(1)

Tangential velocity: Vt = 2 0 (^ )0,1774
/ - v0.169
Radial velocity: Vr = -31.14
/ 7 \ 0.1826
Vr = 4 5 .1 4 [ j^
-7 6 .2 8

Z < 20m

(2)

Z > 20m

(3)

where Z is the height from the ground surface.

2.2. SIMULATION OF TORNADO TRANSLATION
In each case, simulation is run to form stationary swirling wind flow; then the
translation of the swirling wind flow at 15m/s is simulated by establishing the relative
motion between the building and the computational domain, that is, moving the building
while keeping the tornado vortex not moved. To facilitate this, the bottom plane of the
domain is set as a moving wall boundary condition with the moving speed of 15m/s in the
opposite direction from the tornado translation. In addition, a rigid box, with the length of
220m, the width of 220m, and the height of 100m, that surrounds the gable-roofed
building is formed when meshing the computational domain, as shown in Figure 4, and it
is made to move at 15m/s in the opposite direction from the tornado translation. This box
is composed of unstructured mesh to account for the non-uniform shape of the gableroofed structure. Before and after the rigid box, the two zones are “Deformed Zones”,
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which are composed of structured mesh. While the rigid box moves, the layering
technique (one dynamic mesh approach) is applied to the two Deformed Zones. This
method has been attempted by other researchers in the past to try to model translation
[45, 46, 47]. The simulation for the translating stage is run for 60 seconds, which is the
time needed for the building to pass through the tornado vortex, from one side to the
other side of the tornado vortex.

Figure 3. Dimensions for the gable-roofed building.

Figure 4. Dimensions of the “moving” box where the building is located, the entire
“moving” box will move using the dynamic mesh layering technique.
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2.3. MESH GENERATION AND OTHER CFD SIMULATION SETUP
The mesh is generated using the meshing software Pointwise. From the ground
plane to an elevation of 100m, fine mesh is used with an inflation technique where the
first layer thickness is small, roughly 0.17m, and increases in thickness logarithmically
up to Z = 100m. Structured mesh is used in all volumes except the rigid box that is made
for the building, where the mesh is unstructured due to the gable-roofed geometry. From
the elevation of 100m to the top of the domain, 1100m, structured mesh with a uniform
spacing is used, roughly 20m.
The simulation is run using a pressure based transient solver for non-compressed
air. The simulation time step is set to 0.01 seconds. The stationary stage is run for
approximately 500 seconds, and then the moving stage is run for 60 seconds. The
solution methods are as follows, SIMPLE scheme is used for pressure-velocity coupling
with a spatial discretization using least squares cell based gradient, a second order
pressure configuration, and second order upwind momentum. The solution iteration
residual threshold was 1x10-3 for continuity, x, y, and z velocities, k, and ro. In the
simulation at the velocity inlet, the turbulence intensity is set to 5%, the viscosity ratio,
(where

is turbulent viscosity and ^ is dynamic viscosity), is set to be 10, and the

integral length is set to 10m.

2.4. TURBULENCE MODELING
In this study, two cases are simulated, with each case implementing a different
way to model turbulence. Case 1 employs the LES method with a Smagorinsky-Lilly
Subgrid. The Cs constant in the Smagorinsky-Lilly Subgrid is set to 0.1. Case 2 employs
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the k-ro model that is set to standard. The k-ro model constants are as follows; a*m =
1, a m = 0.52,

= 0.09, Pi = 0.072, TKEPrandtl Number = 2, SDR PrandtlNumber =

2, and Production Limiter Clip Factor = 10.

2.5. GRID INDEPENDENCE STUDY
Four different mesh densities are applied for a convergence study, with a cell
count of ~0.5 million, ~2.35 million, ~4.2 million, and ~9 million, respectively. In the
finest mesh density, the vertical inflation spacing begins at 0.2m on the ground plane and
increases logarithmically outside of the rigid box; and on the building surface, the vertical
inflation spacing begins at 0.17m and increases logarithmically, shown in Figure 5. This
allows the inflation in the structured mesh areas outside of the rigid box to have adequate
spacing to capture the boundary layer conditions near the walls and ground plane.

Figure 5. The meshing inflation technique near the building.
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When each turbulence modeling is applied, the tangential velocity profiles along
the radial distance are extracted (at the elevation of 80m, spatially averaged) and are
compared among the cases with the four mesh densities, as shown in Figures 6 and 7.
From these results, it is found that the fine and finest mesh densities achieve similar
results in terms of the peak tangential velocity and the size of core radius, where core
radius is the radius at which the maximum tangential velocity occurs. By balancing the
computational cost and computational accuracy, the results presented in the following
sections are based upon the fine mesh density.

Figure 6. Tangential velocity profiles at an elevation of 80m using LES, averaged
spatially for four mesh densities: Coarse, Medium, Fine, and Finest.

Figure 7. Tangential velocity profiles at an elevation of 80m using k-ro, averaged
spatially for four mesh densities: Coarse, Medium, Fine, and Finest.
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3. REVEALING THE INFLUENCE OF TURBULENCE MODELING ON
SIMULATED TORNADIC WIND FIELD AND TORNADIC WIND EFFECTS
ON CIVIL STRUCTURE

This section presents the influence of turbulence modeling at the stationary stage
and at the translating stage, sequentially. For each stage, the comparisons are made on
velocity field and pressure field of the wind field and on the pressure distribution on
building surface between the cases with different turbulence modeling (LES and k-ro).

3.1. INFLUENCE OF TURBULENCE MODELING ON RESULTS FOR THE
STATIONARY STAGE
The simulation is first run for 400 seconds to form a stable swirling wind flow,
and then 100 seconds is run to produce the results that are presented for the stage of
stationary tornado vortex. As tornadic wind flow is highly turbulent, sufficient time is
required for time averaging to avoid peaks that may disrupt the comparison. All results
presented in Section 3.1 are time averaged during the period of 100 seconds, if not stated
otherwise. Time averaging is not possible for the translating case due to the transient
nature of the translating vortex.
3.1.1. Pressure Field in Entire Tornadic Flow Field. Figure 8 presents the timeaveraged pressure contours on a vertical plane through the center of the cylindrical
domain when the two different turbulence modeling approaches are applied. The peak
negative pressure in the k-ro case is 40.3% lower in magnitude than the LES case.
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Figure 8. Contours of pressure on a vertical plane through the center of the cylindrical
domain.

3.1.2.

Velocity Field in Entire Tornadic Flow Field. Figure 9 presents the

contours of time-averaged tangential velocity on a vertical plane through the center of the
cylindrical domain. Between the two cases, tangential velocities follow a similar trend
and carry almost the same magnitude, especially at lower elevations, which is more
related to the built environment.
Figure 10 shows the difference between the instantaneous streamline patterns on a
vertical plane through the center of the tornado, superimposed over the time-averaged
tangential velocity contour. From previous research by Davies-Jones [48], when the
central downdraft in a tornado reaches the ground, it results in a two-celled vortex. From
the streamlines shown in the LES case, the central downdraft is pronounced and reaches
the ground, indicating that the LES case produces a two-celled single-vortex flow
structure or a multi-vortex flow structure at this time instant. The same is seen in the k-ro
case. The flow structure shown on the horizontal plane will tell the type of tornado
generated, which will be presented later.
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Figure 11 shows the instantaneous tangential velocity on a horizontal plane at
eave height of the structure (6m). From this the radius of maximum wind (RMW), which
is the radius where the maximum tangential velocity is found, can be approximated and
used for location staging later in this paper. The RMW for the LES case and the k-ro case
are 90m and 100m, respectively, at the stationary stage. At this elevation, although the
maximum counterclockwise tangential velocities between the two cases are almost the
same, the maximum clockwise tangential velocities differ significantly. In fact, the
clockwise tangential velocities are related to the small turbulence eddies in the tornado
core. In the LES case, the region with turbulent clockwise eddies is much greater than
that in the k-ro case, due to the fact that when k-ro turbulence modeling is applied the
finer details from eddy simulation are lost.
Figure 12 presents the instantaneous pressure contours on a horizontal plane at the
eave height of the structure (6m). It shows that inside the core region multiple subvortices
are formed, evidenced by multiple blue spots, which are the low pressure regions
representing the center of each subvortex. Additionally, the magnitude of the negative
pressure varies greatly, where the k-ro case is 74.4% higher than the LES case.
Figures 13 presents the time-averaged pressure contours on a horizontal plane at
the eave height of the structure (6m). When time averaging is performed, the finer details
may be lost with regards to what is occurring inside the tornado core. Specifically, it
appears that the center of the core is a solid region of uniform negative pressure in both
cases, which suggests that the multi-vortex is an instantaneous phenomenon [49]. The
maximum negative pressure in the k-ro case is 36.6% lower in magnitude than the LES
case.
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Figure 9. Contours of tangential velocity on a vertical plane through the center of the
cylindrical domain.

Figure 10. Contours of tangential velocity with streamlines on a vertical plane through
the center of the cylindrical domain.

Figure 11. Contours of tangential velocity on a horizontal plane at eave height (6m).
(Instantaneous)
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Figure 12. Contours of instantaneous pressure on a horizontal plane at eave height
(6m).

Figure 13. Contours of time-averaged pressure on a horizontal plane at eave height
(6m).

3.1.3.

Wind Characteristics and Pressures of Wind Field Near the Civil

Structure. For the stationary case, the building is far away from the tornado core radius.
Figure 14 shows the instantaneous resultant velocity on a horizontal plane at the eave
height (6m) near the building. The maximum resultant velocity around the building is
60m/s and 62m/s for the LES case and the k-ro case, respectively. The difference is
minimal. Figures 15 and 16 present the instantaneous pressure contours on the horizontal
plane at the eave height and on a vertical plane that is through the diagonal plane of the
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building. As expected, the pressure difference is minimal, which is consistent with the
minimal difference in velocity field around the building.
Due to the similarity between the two cases, the results obtained in the LES case
will be discussed. From Figure 15, the wind blows in the direction approximately parallel
to the line of C to A. Due to the presence of the building, the velocity gradually
decreases, as shown in Figure 14, indicated by the contour color variation on Wall BC
from yellow far away from the building to green adjacent to the building. Low velocity
adjacent to the building is associated with high pressure adjacent to Wall BC, indicated
by the red color around Wall BC in Figure 15. In Figure 14, the maximum velocity
occurs around Corners B and D, as indicated by the two red areas. This is because of the
convergence of the streamlines when wind passes Corners B and D (see Figure 15). The
increase in velocity decreases the pressure in these regions. Under this wind angle of
attack, Wall AB and Wall AD become the leeward sides. Flow separation and vortex
shedding occur when the wind passes Corners B and D, resulting in high negative
pressure on Walls AB and AD, especially on Wall AB.

Figure 14. Contours of resultant velocity on a horizontal plane at eave height (6m).
(Instantaneous)
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Figure 15. Contours of pressure on a horizontal plane at eave height (6m).

Figure 16. Contours of pressure with streamlines on a vertical plane through the
diagonal of the building.
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3.1.4.

Pressure Distribution on Structural Surface. Figure 17 shows the

pressure on the structural surface of the gable-roofed building. In both cases, the pressure
is dominated by positive values. The maximum positive pressure occurs at the stagnation
point, where all dynamic pressure is transferred into static pressure. The maximum
pressures are very similar between the two cases. This is consistent with the negligible
difference in velocity and pressure fields around the building, as presented in Section
3.1.4. As expected, the positive pressure occurs on the windward side, around Corner C.
The minimum pressure occurs on the roof near the roof ridge on the right due to flow
separation and vortex shedding when wind passes the corner between Wall BC and the
roof and when wind passes roof ridge.

Figure 17. Contours of pressure on the surface of the building.

3.2. INFLUENCE OF TURBULENCE MODELING ON RESULTS FOR THE
TRANSLATING STAGE
In this section, the influence of turbulence modeling on the forces acting on the
building is presented. And then, the influence on the pressure field, velocity field, and the

129

pressure on building surface is investigated when the building is located at the following
five representative locations: at the RMW, at half the RMW, at the center, at half the
RMW (past the center), and at RMW (past the center). All results are instantaneous.
3.2.1. Time History of Tornado-induced Forces. After the stationary stage, the
simulation is run for 60 seconds, during which the building translates through the vortex
from one side of the vortex to the other side. Figures 18 and 19 present the variation of
the force in each direction acting on the building when the building moves through the
tornado vortex. In both cases, the force in the z direction (F ) presents peaks at the core
z

radius, while under a single-celled tornado the peak of F occurs around the center of the
z

vortex. The maximum value of F is similar between the two cases, but they occur at
z

different locations in the two cases. The maximum force in the x direction differs by
125kN, being 14% higher in the k-ro case than the LES case. The maximum force in the
y direction differs by 375kN, being 47% higher in the k-ro case than the LES case.

Figure 18. Force on the building in the principal directions, x, y, and z, versus time
using LES.
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Figure 19. Force on the building in the principal directions, x, y, and z, versus time
using k-ro.

3.2.2. Multi-vortex Structure of the Tornado. Figure 20 shows contours of
instantaneous pressure on a horizontal plane at an elevation of 6m when the building is at
the RMW. At this elevation, multiple blue regions are observed near the center of the
domain. These negative pressure regions are indicative of sub-vortices inside the flow
field, which is consistent with the observation presented in [49]. In both the LES case and
the k-ro case, these are visible.

Figure 20. Contours of pressure on a horizontal plane at an elevation of 6m.
(Instantaneous)
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3.2.3.

Wind Characteristics (Velocity, Pressure, and Streamlines) Around

the Building and Wind Pressure on Building Surface When the Building is Located
at RMW. Figure 21 shows the location of the building with respect to the center of the
computational domain. The building’s center is located at the RMW. At this location, the
wind attacks the building perpendicular to Wall CD. When applying a different
turbulence modeling approach, the wind angle of attack to the building is slightly
different; However, streamlines around the building are altered in a completely different
way, as shown in Figure 23. In the k-ro case, the presence of the building causes the
streamlines to converge significantly on the left side of the building, accelerating the
velocity, as indicated by the red spot on the left side of the building in Figure 22. The
increase in velocity causes the pressure at the same location to decrease. On the contrary,
in the LES case, the presence of the building does not alter the streamlines as much as in
the k-ro case, leading to the difference in velocity, pressure between the two cases. By
comparing the two cases, the maximum wind speed around the building in the k-ro case is
23.5% higher than in the LES case; the maximum negative pressure around the building
in the k-ro case is 31.7% lower than in the LES case; the maximum positive pressure
around the building in the k-ro case is 4.1% lower than in the LES case, which is very
minimal. In addition, flow separation and vortex shedding occur in the LES case, while
they are not observed in the k-ro case associated with this time instant.
Accordingly, when applying different turbulence modeling, due to the difference
in streamline alteration between the two cases, the wind angle of attack is different,
leading to different pressure distribution on the windward wall, although the magnitude
of the peak positive pressure is different by 111Pa between the two cases, where the peak
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positive pressure on the structural surface in the k-ro case is 3.9% higher than in the LES
case. As shown in Figure 25, when applying LES, flow separation occurs on the leeward
roof and the left wall, while flow separation occurs on the windward roof and the right
wall when applying k-ro. In addition, the peak negative pressure on the structural surface
in the k-ro case is 18% lower than in the LES case. The difference percentages of the
forces in the x, y, and z directions between the two cases are 121%, 30%, and 113%,
respectively, with the Fy and Fz higher and Fx lower in magnitude in the k-ro case than in
the LES case.

Figure 21. Location of the building in relation to the tornado vortex center, center of
circle.

Figure 22. Contours of resultant velocity around the building on a horizontal plane at
eave height (6m) for the different turbulence models at RMW .
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Figure 23. Contours of pressure around the building with streamlines on a horizontal
plane at eave height (6m) for the different turbulence models at RMW.

Figure 24. Contours of pressure around the building with streamlines on a vertical
plane through the peak pressure locations for the different turbulence models at RMW .
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Figure 25. Contours of wind pressure on the surface of the building at RMW.

3.2.4.

Wind Characteristics (Velocity, Pressure, and Streamlines) Around

the Building and Wind Pressure on Building Surface When the Building is Located
at Half RMW, Before Center. At this instance the building is located between the
RMW and the center of the vortex, as shown in Figure 26. At this location (inside the
tornado core), in both cases, velocity is very low (close to zero), as shown in Figure 27;
velocity streamlines are highly irregular, due to the high turbulence inside the tornado
core as shown in Figures 28 and 29; and the pressure around the building starts to become
negative due to the significant atmospheric pressure drop inside the core, as shown in
Figures 28 and 29.

Figure 26. Location of the building in relation to the tornado vortex center, center of
circle.
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Figure 27. Contours of resultant velocity around the building on a horizontal plane at
eave height (6m) for the different turbulence models at half RMW, before center.

Figure 28. Contours of pressure around the building with streamlines on a horizontal
plane at eave height (6m) for the different turbulence models at half RM W , before
center.
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On the structural surface, all pressure is negative due to the significant
atmospheric pressure drop inside the tornado core, as shown in Figure 30. The peak
positive pressure on the structural surface in the k-ro case is 69% lower than in the LES
case, but the values are of the same order of magnitude (less than 100 Pa). The peak
negative pressure on the structural surface in the k-ro case is 42% higher than in the LES
case. The contours vary between the two cases, but less so than when the building was at
RMW. The difference percentages of the forces in the x, y, and z directions between the
two cases are 2%, 113%, and 10%, respectively, with the Fx and Fz higher and Fy lower
in magnitude in the k-ro case than in the LES case.

Figure 29. Contours of pressure around the building with streamlines on a vertical
plane through the peak pressure locations for the different turbulence models at half
RM W , before center.
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Figure 30. Contours of pressure on the surface of the building at half RMW, before
center

3.2.5.

Wind Characteristics (Velocity, Pressure, and Streamlines) Around

the Building and Wind Pressure on Building Surface When the Building is Located
at Center. The point at which the building is at the center of the vortex varies from case
to case and is difficult to determine, due to the asymmetric nature of the tornado. As
such, even though the building appears to be in the center of the domain, it may not be
exactly the center of the tornado, as shown in Figure 31. In this study, the building is at
the location where the center of the vortex passes the building. Although the velocities at
the tornado center are very small in both cases, the difference in the maximum resultant
velocity near the building is significant and the velocity field around the building is
completely different between the two cases due to the high turbulence at tornado center,
as shown in Figure 32. Positive pressure is observed around the tornado center and the
pressure around the structure is small in magnitude, no matter whether it is positive or
negative, due to the fact that this is a multi-vortex tornado, and the atmospheric pressure
drop is not significant at tornado center, as shown in Figures 33 and 34. From Figure 35,
the maximum positive pressure on the structural surface in the k-ro case is 50% lower
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than in the LES case; the maximum negative pressure on the structural surface in the k-ro
case is 18% higher than in the LES case. The difference percentages of the forces in the
x, y, and z directions are 175%, 145%, and 123%, respectively, with Fx and Fz higher and
Fy lower in magnitude in the k-ro case than in the LES case.

Figure 31. Location of the building in relation to the tornado vortex center, center of
circle.

Figure 32. Contours of resultant velocity around the building on a horizontal plane at
eave height (6m) for the different turbulence models at center.
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Figure 33. Contours of pressure around the building with streamlines on a horizontal
plane at eave height (6m) for the different turbulence models at center.

Figure 34. Contours of pressure around the building with streamlines on a vertical
plane through the peak pressure locations for the different turbulence models at center.
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Figure 35. Contours of pressure on the surface of the building at center.

3.2.6.

Wind Characteristics (Velocity, Pressure, and Streamlines) Around

the Building and Wind Pressure on Building Surface When the Building is Located
at Half RMW, Past Center. At this time instant, the building model is located at
halfway between the tornado center and the RMW, as shown in Figure 36. The maximum
resultant velocity around the building in the k-ro case is 68.7% lower than in the LES
case, as shown in Figure 37. From Figure 38, from the velocity streamlines, wind directly
attacks Wall AB and wind flow also passes parallel to Wall AB in the LES case, while in
the k-ro case the streamlines are irregular around the building. The peak positive pressure
around the building in the k-ro case is 93% lower than in the LES case, while the peak
negative pressure around the building in the k-ro case is 25% lower than in the LES case,
as shown in Figures 38 and 39.
From Figure 40, the difference in pressure on the structural surface is significant
between the two cases. When the LES is applied, the structure is subjected to both
positive and negative pressure, while the structure is only subjected to negative pressure
when applying k-ro. The peak positive pressure (or least negative in this case) on the
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structural surface in the k-ro case is 127% lower than in the LES case. The peak negative
pressure on the structural surface in the k-ro case is 70% lower than in the LES case. The
k-ro case presents a structural surface pressure contour that varies more significantly. It
appears that building is undergoing wind angle of attack from three directions. The
difference percentages of the forces in the x, y, and z directions are 87%, 97%, and 9%,
respectively, with Fx, Fy, and Fz lower in magnitude in the k-ro case than in the LES case.

Figure 36. Location of the building in relation to the tornado vortex center, center of
circle.

Figure 37. Contours of resultant velocity around the building on a horizontal plane at
eave height (6m) for the different turbulence models at half RM W , past center.
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Figure 38. Contours of pressure around the building with streamlines on a horizontal
plane at eave height (6m) for the different turbulence models at half RMW, past center.

Figure 39. Contours of pressure around the building with streamlines on a vertical
plane through the peak pressure locations for the different turbulence models at half
RMW, past center.
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Figure 40. Contours of pressure on the surface of the building at half RMW, past
center.

3.2.7.

Wind Characteristics (Velocity, Pressure, and Streamlines) Around

the Building and Wind Pressure on Building Surface When the Building is Located
at RMW, Past Center. The time instant when the building model is located at the RMW
on the other side of the vortex is presented in Figure 41, meaning the building has passed
the center of the vortex. The maximum resultant velocity in the vicinity of the building in
the k-ro case is 36% higher than in the LES case, as shown in Figure 42. Like in the first
interaction with the RMW, shown in Figure 23, the wind passes by the building nearly
parallel to the side wall, Wall AD in this instance, as shown in Figure 43. A small vortex
is formed behind the building in both the LES case and the k-ro case, as shown in Figure
44. The peak positive pressure on the structural surface in the k-ro case is 2% higher than
in the LES case; The peak negative pressure on the structural surface in the k-ro case is
30% higher than in the LES case. The difference percentages of the forces in the x, y, and
z directions are 89%, 40%, and 238%, respectively, with Fx, Fy, and Fz higher in
magnitude in the k-ro case than in the LES case.
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Figure 41. Location of the building in relation to the tornado vortex center, center of
circle.

Figure 42. Contours of resultant velocity around the building on a horizontal plane at
eave height (6m) for the different turbulence models at RMW, past center.

Figure 43. Contours of pressure around the building with streamlines on a horizontal
plane at eave height (6m) for the different turbulence models at RM W , past center.
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Figure 44. Contours of pressure around the building with streamlines on a vertical
plane through the peak pressure locations for the different turbulence models at RMW,
past center.

Figure 45. Contours of pressure on the surface of the building at RMW, past center.
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4. CONCLUSIONS

In this study, two representative turbulence modeling approaches, LES with
Smagorinsky-Lilly Subgrid and k-ro, are applied in simulating real-world tornadoes to
investigate how turbulence modeling affects the simulated tornadic wind flow and the
induced wind effects on civil structures. The simulation is first run to form stationary
swirling wind flow (stationary stage); then the translation of the swirling wind flow is
simulated (translating stage). For each stage, the comparisons are made on velocity field
and pressure field of the simulated wind field near the building and on the pressure
distribution on building surface between the cases with different turbulence modeling.
It is found that a multi-vortex tornado is formed in both the LES case and the k-ro
case, where small sub-vortices rotate around a center point. This multi-vortex structure
resulted in significant discrepancies in the instantaneous results for pressures and velocity
around and on the civil structure between the two cases with different turbulence
modeling approaches. Due to the fact that the flow inside tornado core is more turbulent,
more significant differences are seen in the results between the two cases inside the
tornado core than at the core radius. It is found that inside the RMW the building
experiences higher peak positive pressure values in the LES case than in the k-ro case.
Specifically, the peak positive value differences ranged from 50% to 127%. In terms of
peak negative pressure values, the value is sometimes higher in the k-ro case and
sometimes higher in the LES case. The peak positive forces in the x direction are 14%
higher and the peak negative forces in the x direction are 14% lower in the k-ro case than
in the LES case. The peak negative forces in the y direction are 47% higher in the k-ro
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case than in the LES case. The other force peaks, peak positive in the y direction and
peak negative and positive in the z direction, have minimal differences.
Under a multi-vortex tornado, the worst loading scenario is when the building is
located approximately at the core radius of the overall vortex, where the maximum wind
speed and the lowest pressure (center of subvortex) occur. This is consistent with the
results in Figure 19, where peak Fz does not occur at the tornado center, instead, peak Fz
occurs at the core radius of the overall vortex. This is different from a single-vortex
tornado, where the significant atmospheric drop occurs at tornado center, causing high
suction forces on building surfaces. It is noted that the results here presented in this study
may not represent the most unfavorable loading scenario, as the building is not directly
attacked by any subvortex, which actually is not the goal or focus of this research.
Turbulence modeling is found to affect the wind angle of attack to the building
and affect how the presence of the building diverts the airflow. For example, at the time
instant when the building reaches the RMW for the first time, the streamlines around the
building show that the wind angle of attack on the building is roughly 30o and 45o in the
k-ro case and the LES case; the smaller wind angle of attack in k-ro case results in a more
uniform positive pressure across the windward wall than in the LES case.
For stationary cases, when time-averaged results are applied, turbulence modeling
does not affect the results. This is because the influence of multi-vortex presence is
reduced. For translating cases, when instantaneous results are applied, the pressure and
velocity distributions inside the core vary greatly. This is due to the subvortices swirling
around the core radius and not being averaged together. Although turbulence modeling
affects pressure results significantly, it doesn’t affect the averaging results significantly
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(time or space averaging). In this case, when designing the main wind force resisting
system that is based on the total forces acting on the entire structure, choosing the
approach of turbulence modeling may not be that important. However, when designing
the cladding and components that are based on the net pressure on the related component,
turbulence modeling will significantly affect the obtained results. LES is suggested to
apply due to the fact that this approach provides better details of the flow field and
accordingly more accurate net pressure.
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ABSTRACT

Simulating tornadoes in laboratory tornado simulators is a safe and idealized
approach to study the effects of this intense wind phenomenon on civil engineering
structures. To reduce the associated costs and constraints of laboratory simulation,
researchers have tried to develop numerical models of laboratory tornado simulators
based on computational fluid dynamics (CFD) simulations which are even more
idealized. In this study, all the mechanical components in the physical tornado simulator
are explicitly modeled with the intent to more accurately reproduce the physical situation.
Specifically, two different approaches to model chamber translation and their respective
effects on the generated wind field are investigated. The two approaches used to model
translation are the moving wall boundary condition and the sliding mesh method. In
addition, the effects of tornado translation on wind fields are identified, which are tilting
of the overall vortex (elevation view) and velocity asymmetry on the horizontal plane; the
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velocity asymmetry is quantified theoretically and numerically. The obtained results
demonstrate that the sliding mesh method provides a more realistic vortex than the
moving wall boundary condition in terms of both the characteristic tilting of the vortex
and velocity asymmetry in wind field.
Keywords: Tornadoes, CFD Simulation, Tornado Translation, Tornado Simulator,
Extreme Winds

1. INTRODUCTION

Tornadoes are short-lived violent wind phenomena that predominantly occur in
the central United States, where approximately 1200 tornadoes strike annually [1, 2],
resulting in 90 fatalities and 1500 injuries on average [3]. In 2011 alone, an estimated $20
billion worth of damage occurred, and 550 people were killed [4, 5], of which $2.8
billion and 158 deaths were exclusively attributed to the EF-5 tornado in Joplin, Missouri
on 22 May 2011 [6, 7], where EF refers to the Enhanced Fujita Scale. In order to mitigate
these human casualties and economic losses, the impact of tornadoes on homes and
buildings must continue to be investigated, but this has proved challenging. Specifically,
collection of real-world wind data, deemed quite valuable for determining design
loadings, is hazardous and can result in the death of even skilled researchers. For
instance, an EF-3 tornado that occurred in El Reno, Oklahoma on 31 May 2013 [8, 9]
claimed the lives of a team of researchers, including a father and son who had extensive
experience in chasing tornadoes.
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To safely study tornadoes in a controlled environment, researchers have built
tornado simulators to simulate a tornado-like vortex in the laboratory, beginning with the
classic Ward type simulator [10, 11]. This simulator used a fan above the testing chamber
to induce negative pressure and thereby suction through a honeycomb straightener, above
the testing section. Turning panels were placed radially at the edge of the testing section,
connected to the floor, to induce air rotation. This generated a swirling column of air in
the very center of the simulator. This type of simulator relies heavily upon the ground
turning vanes that cannot move, and therefore is incapable of simulating realistic
translation. More recently, laboratory tornado simulators have been constructed at Iowa
State University (ISU) [12], Texas Tech University [13], Western University (WU) [14],
and Tongji University [15]. All these simulators require a relatively large physical space
as well as repetitive tuning and maintenance, while being restricted to scaled testing.
To alleviate the shortcomings of experimental testing, researchers began to
simulate the laboratory tornado simulators numerically. For example, Kuai et al. modeled
the ISU tornado simulator in the FLUENT software by developing a numerical model.
However, they did not model the guide vanes, fan, or honeycomb section [16]. Cao et al.
modeled the ISU-type of simulator that was built in their lab, but they did not include the
mechanical features, fan and turning vanes, either [15]. Liu and Ishihara [17] and
Natarajan [18] modeled the Ward type simulator numerically and both excluded the
turning vanes in their models as well as the fan sections. Huo et al. (2018) numerically
simulated most of the components in a Ward type simulator, but this simulator was not
capable of translation [19]. To improve the modelling accuracy, the present study
presents a model of all the mechanical components in the physical tornado simulator
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being built at the Missouri University of Science and Technology (Missouri S&T),
including turning vanes, fan interface, and honeycomb section [20, 21].
To make the simulated tornado impact on civil structures as close to the realworld situation as possible, translation of the generated tornado-like vortex must be
modeled in numerical simulations because real-world tornadoes always translate.
Previous work simulated translation by either using a moving wall boundary condition
[17, 22, 23], where a constant velocity (at the same speed of tornado translation, in the
opposite direction from tornado translation) is induced at the ground “floor” boundary, or
using a sliding mesh technique, where two mesh volumes slide past one another, passing
variable values between one another as they move [24, 25].
In order to determine which approach produces a tornado vortex that is closer to
the real-world situation, the two different approaches are applied, and the obtained results
are compared herein. The first approach is to apply the moving wall boundary condition,
which establishes the relative motion by applying a constant velocity on the floor of the
simulator. The other approach is to apply the sliding mesh technique with the simulator
walls and upper sections moving. The remainder of this paper is organized as follow.
Firstly, the geometry of the laboratory tornado simulator to be simulated and the applied
CFD simulation setup are described; Secondly, the influence of the two approaches to
model translation of the tornado-like vortex on the generated wind flow is investigated
and discussed; Lastly, conclusions are drawn.
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2. LABORATORY TORNADO SIMULATOR TO BE SIMULATED AND CFD
SIMULATION SETUP

2.1. MODELLING THE LABORATORY TORNADO SIMULATOR AT
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY (MISSOURI
S&T)
The laboratory tornado simulator to be numerically simulated here is the one
being constructed at Missouri S&T, as shown in Figure 1. It follows a similar mechanism
to generate swirling wind flow as the laboratory tornado simulator at Iowa State
University (ISU), but the design has been improved by 1) adding curved duct at top and
curved vanes to improve the efficiency and flow stability; and 2) increasing the size of
the chamber to allow for the testing of larger-scale models (Do=6.156m and Hs=3.173m).
All physical components are modelled. To be specific, the surfaces of the chamber and
turning vanes are modeled using wall boundaries; the honeycomb section is modelled by
a porous media volume; and the fan is modelled using a pressure jump interface.

a)

Figure 1. Laboratory tornado simulator under construction at Missouri S&T with curved
upper chamber. (a) Schematic diagram of simulator; (b) 3D rendering of simulator [21].
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b)

Figure 1. Laboratory tornado simulator under construction at Missouri S&T with
curved upper chamber. (a) Schematic diagram of simulator; (b) 3D rendering of
simulator [21]. (cont.)

Figure 2. Wireframe of simulator geometry imported from AutoCAD into Pointwise
(Left: computational domain used when the moving wall boundary condition is
applied, Right: computational domain when the sliding mesh technique is applied).

To begin the process of modelling the simulator, an initial wireframe was
generated using AutoCAD, as shown in Figure 2. The outer and inner shells are nested
with a space between them, which serve as a duct for air to pass through. A cylinder in
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the center is used to model the fan casing, which is 1.53 meters (H in Figure 1) in height
with a diameter of 2.14 meters (Dc).
The testing section mesh volumes are generated as structured mesh (see Figure 3).
The “air” mesh volumes inside the upper sections are generated as an unstructured mesh
(see the cross-cut of the mesh in Figure 3), due to the presence of turning vanes inside the
simulator, which makes structured meshing impossible. The simulator mesh contains a
total of 6.5 million cells. To attempt to accurately capture the velocity variation near the
ground plane (where testing models are located), a higher density of cells is applied near
the ground plane (see Figure 3). Specifically, the element size begins at 0.005m and
grows using a hyperbolic tangent growth equation up to the bottom of the outer chamber,
as shown in Figure 3 (inflation technique). A grid independence study was conducted
using three different meshing densities, which demonstrated that the current grid
resolution is adequate [20, 21]. The simulation is based on Large Eddy Simulation (LES),
with large eddies solved from the filtered N-S equations and small eddies numerically
modelled by a Smagorinsky-Lilly Subgrid model. LES provides higher computational
accuracy with reasonable increase in computational cost [20].

2.2. SIMULATED CASES
To investigate which approach can better simulate the translation of the tornado
like vortex, the following two cases are simulated. The first case is to apply a moving
wall boundary condition to the bottom (floor) of the numerical model. This induces a
constant velocity at the ground level, which models the translation of the tornado-like
vortex. For this case, the testing field is cylindrical below the simulator, as shown in
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Figure 2 (left). The second translating case is to apply the sliding mesh technique [25], in
which the entire upper chamber is given a translating speed and allowed to pass over the
testing field, which remains stationary. For the second case, the testing field is
rectangular below the simulator, as shown in Figure 2 (right). To accurately represent the
translating of the fully developed vortex, the tornado simulator is run in a stationary case
for 5 seconds prior to initiating translation.

Figure 3. Cross-section through the mesh to show the unstructured “air” volumes in
the upper sections in contrast to the structured domains on physical surfaces in the
laboratory tornado simulator and the structured mesh in the near ground area. Vertical
cell length (cell depth) is shown to visualize the inflation technique.

2.3. BOUNDARY CONDITIONS
The CFD simulation strategies applied in [21] are applied here. That is, all
mechanical components in the laboratory tornado simulator are modeled. The fan is set as
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a fan boundary condition with a pressure jump, which is the mechanism used to generate
a flow. Fan flow settings, the volume flow rate and static pressure (the pressure
difference or “pressure jump” from below the fan to above the fan), will be taken as those
provided by the manufacturer for the physical simulator, which are 65.6m3/s and 398.144
Pa, respectively. The honeycomb section assumes a hexagonal shaped honeycomb and is
simulated as a porous media. The vanes are located at the top of the model, like in the
physical simulator. They can be rotated to different angles, about their turning axis, for
different cases. The open area between the floor and the bottom of the simulator has walls
with a boundary condition of zero shear stress, to simulate an open-air condition. This
simulates that the velocity does not change along the radial distance relative to the wall
and is free of flow (like the physical situation), which means that air recirculates inside
the chamber and does not affect the atmospheric environment outside the simulator. The
simulated tornado-like vortex is stationary from t=0s to t=5.0s. At t=5.0s, the translation
of the generated tornado-like vortex is initiated. The time step is set as 0.01 seconds per
step with a maximum of 120 iterations per step. The walls of the tornado simulator and
vanes are set to no-slip wall conditions.

2.4. SIMILARITY THEORY APPLIED IN THIS STUDY
This study implements the similarity theory applied in [20], which follows the
same similarity theory introduced by [26, 27]. From [20], the swirl ratios generated by
different tornado simulator settings using numerical simulations were compared with the
swirl ratios found in real-world tornadoes using their respective core radius values and
heights, at which the maximum tangential velocities were found, resulted in a
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convergence. The velocity scale (Av) is defined as a ratio of the maximum tangential
velocities between the simulation and the real-world tornado. The length scale (AL) was
obtained as AL = 435, and the velocity scale (Av) was obtained as Av = 4.95. From these
two scales, the height of 0.5m and the velocity of 2m/s in the numerical simulator
presented here correspond to 200m and 9.9m/s in full scale, respectively.

3. RESULTS AND DISCUSSION

To find the best way to simulate the translation of the generated tornado-like
vortex, two approaches are applied to model the translation, which are based on the
moving wall boundary condition and the sliding mesh technique. Wind characteristics
(e.g., velocity, pressure, and shape of the vortex) at three representative time instances are
presented for both approaches, which are 0.5s prior to translation (stationary), 0.5s after
translation is induced, and 1.0s after translation is induced, as shown in Sections 3.2 and
3.3. Before presenting the results from the two simulated translating case, the validation
of the modeling is presented in Section 3.1, which is through the stationary case. All
results are under the honeycomb section where the vortex is formed.

3.1. VALIDATION OF THE CFD MODEL THROUGH STATIONARY CASE
To validate the developed CFD model, the results at the stationary stage are
extracted and compared with the testing data in a physical tornado simulator and the
published data for two real-world tornadoes [12]. Figure 4 presents the tangential velocity
distribution along the radial distance at a certain height (0.1 rc above ground plane, where
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rc denotes the core radius that is associated with this height and is the radius where the
maximum tangential velocity is found). The velocity data is time-averaged over 3
seconds and normalized by the maximum tangential velocity. The obtained tangential
velocity profile is compared to the profile extracted from the testing data in the physical
tornado simulator of the Iowa State University and the radar measured data in two realworld full-scale tornadoes, shown in Figure 5, respectively. By comparing Figures 4 and
5, the trend of the tangential velocity profile obtained from the CFD simulations in the
present study are nearly identical to that extracted from the testing data in the physical
tornado simulator [12], which were also compared to the results extracted from the radarmeasured data in two real-world full-scale tornadoes, the Mulhall, OK tornado of 3 May
1999 and the Spencer, SD tornado of 30 May 1998. Additional validation for the
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stationary case can be found in the authors’ previous work [20].

Figure 4. Tangential velocities at
different radii obtained from CFD
simulations in present study.

Figure 5. Tangential velocities at different
radii from physical experiments and field
measurement published in [12].
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3.2. TWO EFFECTS OF TORNADO TRANSLATION IN NATURE
A tornado translates as the parent storm moves, as shown in Figure 6a).
Characteristic tilting in tornadoes, which is brought on by this translation, has been
observed by meteorologists [28, 29, 30, 31, 32, 33, 34]. Wurman et al. (2005) observed
this tilting in vertical Doppler radar scans of the Spencer, SD tornado of 1998 [28].

a)

b)

Figure 6. (a) The tornado vortex column tilts as the parent storm passes by [30].
(b)The translating speed is added onto the tangential velocity when they are in the same
direction and is subtracted from the tangential velocity when they are in opposite
directions.
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In addition to tilting, asymmetry in the flow field has been observed in the form of
different degrees of damage on one side of the tornado versus the other. This indicates
that the velocity of the flow on one side of the tornado path is higher than that on the
other. To illustrate this, the present study examines the velocity distribution on a
horizontal plane (see Figure 6b)). The velocity at the bottom point (on the side where the
tangential velocity is going in the same direction as the translation) is increased by the
translating speed; At the top point (on the opposite side where the tangential velocity is
opposite), the velocity is decreased by translating speed. To be specific, the velocity
difference between the top and bottom points should be 2 V (V is the translating speed
t

t

of tornado). Proper simulation of tornadoes should reflect both characteristics observed in
real-world full-scale situations (tilting and velocity asymmetry).

3.3. WIND CHARACTERISTICS OBTAINED USING MOVING WALL
BOUNDARY CONDITION
In this study, the translating velocity is assumed to be 2m/s, which is associated
with the translating speed of 9.9m/s based on Similarity Theory. It falls into the range of
5m/s to 27.7m/s, the translating speed range of real-world full-scale tornadoes, based on
the authors’ recent comprehensive literature review [35]. The first method for modeling
translation is to apply a moving wall boundary condition on the floor plane of the tornado
simulator model, by applying the moving wall boundary condition, i.e., tornado
translation is simulated by establishing the relative motion between the tornado simulator
(along with the air underneath) and the floor plane. In general, to simulate that a tornado
translates to the right at 2m/s, the boundary of the floor plane is set up as a moving wall
boundary condition with the speed of 2m/s in the opposite direction (to the left), as shown
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in Figure 7; In addition, since this is just a boundary condition on the floor plane, any
objects on the floor plane should be moved in the same direction at the same speed as the
bottom wall. To achieve this, 2 m/s to the left should be assigned to any objects on the
floor plane, which can be realized using dynamic mesh. In this simulation, since the floor
plane is assumed to be uniform along the translation direction, the second part (the
dynamic mesh part) is not necessary. The vane angle is set as 50o.

Moving Wall Boundary

- X

+ X

Figure 7. Setup of the moving wall boundary condition on the floor plane of the
computational domain. To simulate that the tornado translates to the right, the velocity
of the bottom wall is set to “move” to the left, and accordingly any objects (the house
here) on the bottom wall should move to the left too.

Figure 8 presents the comparison of the tangential velocity distribution on a
vertical plane of the tornado simulator through the center (this vertical plane is
perpendicular to the direction of vortex translation), for two different cases (the stationary
case and the translating case). From Figure 8b) (the translating case), the maximum
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positive and negative velocity values differ by 1.2m/s (absolute value), while it is 0.06m/s
(absolute value) in the stationary case. Although the asymmetric characteristics are
observed when applying the moving wall boundary condition, the maximum difference in
tangential velocity is expected to be twice the translating speed, as illustrated in Figure
6b), which should be 4m/s. Based on this, this translation simulating approach is
underestimating the true values.

Figure 8. Instantaneous tangential velocity distribution on a vertical plane of the
tornado simulator through the center perpendicular to the direction of translation for
different cases, when applying the moving wall boundary approach. a) Stationary Case;
b) Translating case with t=5.5s; c) Translating case with t=6.0s.
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Figure 9 presents the tangential velocity distribution on a vertical plane of the
tornado simulator through the center parallel to the direction of translation at the three
representative time instances. As shown in Figures 9b) and 9c), after the tornado-like
vortex starts to translate, zero-degree tilt is observed, which is not consistent with realworld full-scale tornadoes. It is noted that in the very near ground region of Figure 9c)
some possible tilting is observed, as evidenced by the slight shifting in the contour near
the ground, but this is not true for longer cases as shown Figure 10b).

Figure 9. Instantaneous tangential velocity distribution on a vertical plane of the
tornado simulator through the center parallel to the direction of translation when
applying the moving wall boundary approach. a) Stationary Case; b) Translating case
with t=5.5s; c) Translating case with t=6.0s.
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Figure 10. Instantaneous tangential velocity distribution on two different planes of the
tornado simulator at t=8.0s when applying the moving wall boundary approach (a)
vertical plane through the center of the simulator perpendicular to direction of
translation; b) vertical plane through the center of the simulator parallel to direction of
translation).

To further assess whether the simulation of translation may be more time
sensitive, an additional two seconds of simulation are carried out. Figure 10 presents the
tangential velocity distributions on three planes: a vertical plane through the center
perpendicular to the translation direction; a vertical plane through the center parallel to
the translation direction; and a horizontal plane at the elevation of 5cm above the ground
plane. From Figure 10a), the difference of the maximum positive and negative velocity
values parallel to the direction of translation is roughly 0.6m/s. Again, as shown in Figure
10b), the vortex shows no significant tilting along the direction of translation. In fact, in
both Figures 9 and 10, at t=6.0s and t=8.0s, the angle of tilt is approximately less than 1°,
when drawing a line from the center of the vortex at ground level to the center of the
bottom of the honeycomb section.

170

Figure 11 presents the pressure distribution in the tornado simulator for two times
instances, stationary before translation and one second after translation is started, on a
horizontal plane at an elevation of 5cm above the ground plane. When translating, vortex
wandering occurs, as evidenced by the location of the low pressure area changes around
the center of the vortex, and the maximum negative pressure decreases by roughly 16% at
this elevation (see Figure 11). However, the center of the tornado core remains near the
center of the simulator, as shown in Figure 9c).

a)

Stationary

b)

t=6.0s

Figure 11. Instantaneous pressure distribution on a horizontal plane of the tornado
simulator at 5cm above the ground plane, when applying the moving wall boundary
approach. (left: Stationary Case; right: Translating case with t=6.0s).

3.4. WIND CHARACTERISTICS OBTAINED USING SLIDING MESH
TECHNIQUE
The sliding mesh technique begins with two separate mesh volumes that meet at a
common interface [25]. Each volume is meshed individually, with respect to the global x,
y, and z coordinates, and then merged. The interface physically serves as the medium by
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which variable values are exchanged from one volume to the other. In this study, the two
separate mesh volumes are 1) the simulator’s walls and upper section, where the fan,
turning blades, and honeycomb section are located, and 2) the testing ground plane and
the space above the ground plane, but below the simulator walls (rectangular box in
Figure 2b)). Translation of the tornado-like vortex is then induced by beginning a
translation of the simulator walls and upper section. In this way, the translation of the
real-world tornado simulator is modelled by moving the simulator inside the numerical
simulation, while keep the testing ground plane and the air above it (rectangular box in
Figure 2b)) stationary relative to the simulator walls and upper section. Variables are
passed from one volume to the other via the interface such that the global x, y, and z
location of the variable values is translated, or moved, with each time step at a specified
velocity. Physically, this means that the tornado-like vortex is generated using both mesh
volumes, considered as one complete mesh, and then the translation is induced by the
motion of the simulator walls and the upper section mesh volume only. The simulator
literally translates in the same way as it does in the lab, i.e., over the stationary ground
plane. The translating speed is set as 2m/s in the x direction and the vane angle is set as
50o for direct comparison with the first approach.
Figure 12 presents the tangential velocity distribution on a vertical plane of the
tornado simulator through the center (this vertical plane is perpendicular to the direction
of vortex translation) for three representative time instances. From Figure 12b), after 0.5
seconds of translation, the difference is 3.95m/s, almost double the translating velocity
(2m/s). From Figure 12c), the difference between the maximum positive and negative
velocities, after 1 seconds of translation, is 4.41m/s, which is a little over two times the
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translating speed. These are consistent with the expected effect of translating speed on
tangential velocity, as illustrated in the second figure of Figure 6b). Based on this, it is
clear that the sliding mesh technique produces a wind field that is closer to the real-world
situation.

Figure 12. Instantaneous tangential velocity distribution on a vertical plane of the
tornado simulator through the center perpendicular to the direction of translation when
applying the sliding mesh technique. a) Stationary Case; b) Translating case with
t=5.5s; c) Translating case with t=6.0s.

Figure 13 presents the tangential velocity distribution on a vertical plane of the
tornado simulator through the center parallel to the direction of tornado translation for the
three representative time instances. Within 0.5 seconds of the translating velocity being
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induced, the vortex begins to noticeably tilt and after 1 second the angle of tilt becomes
~15°, when drawing a line from the center of the vortex at ground level to the center of
the bottom of the honeycomb section. This tilting characteristic further verifies that the
sliding mesh technique can produce a tornado vortex that is closer to real-world full-scale
tornadoes.

Figure 13. Instantaneous tangential velocity distribution on a vertical plane of the
tornado simulator through the center parallel to the direction of translation, translating
at 2m/s, when applying the sliding mesh technique. a) Stationary Case; b) Translating
case with t=5.5s; c) Translating case with t=6.0s.
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Figure 14. Instantaneous tangential velocity distribution on horizontal plane of the
tornado simulator at 5cm above the ground plane when applying the sliding mesh
technique. a) Stationary Case; b) Translating case with t=5.5s; c) Translating case with
t=6.0s.

Figure 14 presents the tangential velocity distribution on the horizontal plane at
the elevation of 5cm above the ground plane for the three representative time instances.
The black dot represents the center of the vortex in each figure. This behavior is less
likely attributed to vortex wandering because the movement of the vortex center away
from the center of the vortex is consistent across multiple time instances, whereas in
vortex wandering the movement is expected to be more sporadic and less predictable. As
translation is induced, the black dot shifts away from the center of the simulator to the
left. Combining these results with those presented in Figure 13, this means that the vortex
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is trailing behind the simulator center, like a real-world full-scale tornado trails behind
the parent storm.

Stationary

t=6.0s
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Figure 15. Instantaneous pressure distribution on a horizontal plane of the tornado
simulator at 5cm above the ground plane, translating at 2m/s, when applying the sliding
mesh technique. (left: Stationary Case; right: Translating case with t=6.0s).

Figures 15 present the pressure distribution at stationary and after 1 second of
translation on a horizontal plane at an elevation of 5cm above the ground plane.
Comparing Figures 11b) and 15b), the maximum negative pressure region (the dark blue
color in the contour), characteristic of the center of the vortex [35], is further away from
the center of the simulator at 5cm elevation in the sliding mesh case than in the moving
wall boundary case, while the pressure is lower in the moving wall boundary case by
17%.
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3.5. COMPARISON OF THE SIMULATION RESULTS NEAR GROUND FROM
THE TWO SIMULATION APPROACHES
The heights of civil engineering structures are often less than 100m. Therefore, it
is important to examine the tornadic wind field below the elevation of 100m. To visualize
the effect of the two simulation methods on the near ground wind field, this section
presents the tangential velocity on a vertical plane of the tornado simulator through the
center perpendicular to the direction of translation at lower elevations, from ground to
0.23m (0.23m is associated with 100m in full-scale), as shown in Figure 16. It is seen that
the difference between the maximum and negative tangential velocity values is 4.41m/s,
when applying the sliding mesh technique, whereas the related difference is just 1.2m/s
when applying the moving wall boundary condition. This verifies that the sliding mesh
technique offers better results even at lower elevations. Additionally, the core radius at
this elevation is larger in the moving wall case than in the sliding mesh case, 0.5m and
0.3m, respectively, even though all other parameters remain the same.

Figure 16. Instantaneous tangential velocity distribution on a vertical plane of the
tornado simulator through the center perpendicular to the direction of translation at
t=6.0s. a) Using moving wall boundary; b) Using sliding mesh technique.
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Figure 16. Instantaneous tangential velocity distribution on a vertical plane of the
tornado simulator through the center perpendicular to the direction of translation at
t=6.0s. a) Using moving wall boundary; b) Using sliding mesh technique. (cont.)

4. CONCLUSIONS

In order to make the numerical simulation of the laboratory tornado simulator as
close to the real-world full-scale situation as possible, two approaches to simulate the
translation of tornado-like vortex in the laboratory tornado simulator are applied and
compared. In addition, two effects of tornado translation (the velocity asymmetry due to
tornado translation and characteristic tilting) are quantified theoretically and numerically.
The following conclusions have been drawn. The moving wall boundary condition
requires less meshing, and thereby has less computational demand. However, ultimately
it proved less effective in reproducing real-world full-scale phenomena, in terms of
accurate tangential velocities and the tilting of the overall vortex. Even with additional
time for simulation, this method does not provide accurate enough results. The sliding
mesh technique, although requiring cumbersome computational demand, proves effective
in modeling both of these features, even at lower elevations. To be specific, using the
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sliding mesh technique, the magnitude difference between the maximum and minimum
tangential velocities on a circumference is found to equal roughly two times the
translating speed, which is as expected. The angle of tilt between the vortex center at
ground level and the center of the bottom of the honeycomb section is ~15° when
applying the sliding mesh technique, after 1 second of translation, in comparison to ~0°
when applying the moving wall boundary condition.
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ABSTRACT

Tornadoes result in death and property loss in communities around the world. To
quantify the effects of tornadoes on civil structures, researchers have used physical
laboratory tornado simulators, like wind tunnel testing when quantifying the wind effects
induced by straight-line winds. Physical tornado simulators are much less common than
straight-line wind tunnels and implementing them is often expensive in terms of the
physical space demands, manufacturing costs, and manual labor requirements.
Alternatively, numerical simulation can accomplish similar testing results without these
added expenses. However, results from tornado simulator testing on civil structure
models require some degree of validation. To respond to this need, a numerical model of
the large-scale tornado simulator of Missouri University of Science and Technology has
been developed by modeling all of the mechanical components in the physical facility.
This study is to validate numerical simulation of the tornado simulator and reveal the
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bluff-body aerodynamics of buildings under tornadic wind loadings. This simulation
models the tornado-like vortex translating over a low-rise building model, the results are
compared with laboratory measured data to evaluate the effects of the building model on
the wind field and the surface pressure on the building model. Then, the bluff-body
aerodynamics on low-rise buildings under tornadic winds will revealed based on the data
obtained from numerical simulations.
Keywords: Tornado-like vortex, CFD, Structure

1. INTRODUCTION

Tornado-induced injuries, deaths, and property loss occur around the world every
year, especially in the United States, where 1200 tornadoes occur annually [1]. On
average, 90 deaths and 1500 injuries occur in the United States annually as a result of
tornadoes and the related average annual property loss is estimated as $1 billion [2, 3]. To
minimize the tornado-induced fatalities and property loss, it is important to build more
wind-resistant civil structures, which requires in-depth understanding of the wind effects
of tornadoes on civil structures.
Research into tornadic wind effects on civil structures relies heavily on wind
characteristics near ground, but unfortunately near ground wind fields during tornadoes
were rarely reported due to the violent and short-lived nature of tornadoes and the
limitations of radar measurement [4]. Therefore, laboratory simulation of tornadoes in a
controlled environment is one of the safest ways to study how the flow field is altered by
the presence of civil structures and accordingly wind effects on civil structures. Thus far,
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several laboratory tornado simulators have been built [5, 6, 7, 8], and wind effects of
tornado-like vortices on several archetypes of civil structures have been studied in the lab
[5, 9, 7]. However, physical laboratory simulators can be cumbersome to operate,
financially costly to implement, and physically space-consuming in order to achieve
higher accuracy measurements. Specifically, tornado simulators are often plagued by
skepticism based on the issue of measurement resolution. This means that smaller
simulators are viewed as less accurate, but larger simulators are expensive, leading to a
conundrum. In either situation, how the flow field is altered by the presence of civil
structures requires particle image velocimetry (PIV) measurement, which is extremely
expensive. To try to address these problems, the laboratory tornado simulators have been
numerically simulated [10, 11, 12, 13]. However, the numerical simulation is often
simplified to reduce computational demand, which may consequently produce
deficiencies in the final results. Therefore, the present authors have improved the
numerical simulation of the laboratory tornado simulator by modeling all mechanical
components in the physical tornado simulator.
In the previous studies on the simulation of laboratory tornado simulators, the
focus was to study the wind characteristics of the tornadic wind field. If the numerical
simulation could model the experimental testing in the tornado simulator, that is, find the
wind pressure distribution on the testing model using numerical simulation, systematic
experimental testing for many cases can be conducted numerically. By doing this,
because computational fluid dynamics (CFD) simulation can provide data at any desired
resolution technically, the resolution limitation in experimental testing will be addressed
and the flow pattern change due to the presence of civil structures can be easily obtained.
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After a comprehensive literature review, no studies have been reported on studying
tornadic wind effects on civil structures in a “numerical” laboratory tornado simulator; no
studies have been reported to validate the numerical simulation of laboratory tornado
simulator using the pressure distribution on the surface of a structural model measured in
the physical tornado simulator (previous studies used the velocity and pressure data in the
wind field for validation); In addition, an in-depth look at bluff-body aerodynamics of a
building model under tornadic winds has not been performed.
To bridge these research gaps, this study is to investigate the wind effects of
tornado-like vortices on low-rise buildings through numerically modeling the
experimental testing of the structural model in the laboratory tornado simulator, which
will be validated using the measurements obtained from the laboratory tornado simulator.
To be specific, a small-scale model of a gable-roofed building will be placed in the
“numerical” laboratory tornado simulator and CFD simulations will be performed to
investigate how the tornadic wind flow is diverted around the building and to provide
wind pressure distribution on the building surface and total forces/moments acting on the
entire building. The obtained wind effects will be validated through the testing data
measured from lab testing in the physical laboratory tornado simulator, which has been
published in [9]. Then, the bluff-body aerodynamics on low-rise buildings under tornadic
winds will be revealed based on the data obtained from numerical simulations. The
remainder of this paper is structured as follows. First, the CFD simulation setup is
presented with a convergence study. Second, the results of the numerical simulation are
presented and discussed in comparison with the physical results. Third, final conclusions
are drawn, and future research are suggested.
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2. CFD SIMULATION SETUP

The physical laboratory tornado simulator at the Missouri University of Science
and Technology (Missouri S&T) is considered here, as shown in Figure 1. Its numerical
model developed in [13] is adopted here. All walls/floors/solid sections in the physical
laboratory simulator, are set as no slip walls in the numerical simulation. The fan is
simulated as a fan interface, modeled as a pressure jump, and the honeycomb section
under the fan interface is modeled using a porous media zone, as shown in Figure 1(a).
More details on the related setup can be referred to [13].
In this study, the small-scaled (with the scale of 1:100) model of a gable-roofed
building (see Figure 1(d)) is placed in the computational domain. Large-Eddy Simulation
(LES) that is governed by the filtered N-S equation is applied to solve large eddies, while
small eddies are numerically modeled by a Smagorinsky-Lilly subgrid model. Pointwise
is used to generate the mesh, with coarser mesh in the upper domain and finer mesh near
the ground and around the building model. Then, the mesh is imported into ANSYS
FLUENT for solving with a finite volume-based SIMPLEC solution scheme [14].
In order to accurately determine the pressure in the computational domain, it is
necessary to set the reference pressure location far away from the center of the tornado
like vortex. For this simulation, the reference pressure location was set at the bottom edge
of the test section, as shown in Figure 2. At this location, the pressure is set to be
atmospheric pressure, meaning that the pressure outside the vortex-generating chamber
would be atmospheric, as swirling wind flow is generated through self-circulation

187

(recirculation) of the air inside the chamber and thus the vortex is formed inside the
chamber with minimal, if any, interference from the air outside.
The simulation is first run in a stationary case (where the vortex generating
chamber does not move) for 5 seconds to form the vortex; then, the simulation is
switched to a translating case (the vortex generating chamber moves) until the generated
vortex passes over the building model. The simulation time step is 0.01sec/step. The vane
angle of the simulator model is set up as 15o and the uniform height from the ground
plane to the bottom of the simulator is set as 0.53m (corresponding to 53m in full-scale).
The test section where the building models are placed, as shown in Figure 1(b), is 16.76m
long (corresponding to a 1676m long runway for translation in full-scale). The fan power
level is set to be 33%, which corresponds to a pressure jump of 131Pa at the fan interface.
The following two translating speeds (T) are applied, 0.15m/s and 0.61m/s, which
correspond to the two cases (Cases 1 and 4) from the physical testing conducted in the
laboratory tornado simulator in [9]. The case with T=0.61m/s is used for the convergence
study and the case with T=0.15m/s is used for the validation of results and for the
exploration of bluff-body aerodynamics on civil structures under tornadic winds.
In order to determine mesh quality and refinement requirements, a convergence
study is performed using three levels of mesh density, which are coarse, medium, and
fine, as shown in Table 1. Comparison was made between the three cases with different
mesh densities in the stationary situation, when the generated tornadic wind flow is far
away from the building model. As shown in Table 1, the identified core radius and Swirl
Ratio in all the three cases are almost identical. The Swirl Ratio (S) is determined using
Eq. (1) [6],
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Figure 1. The laboratory tornado simulator at Missouri S&T (a) Major dimensions of
the vortex-generating chamber; (b) Dimensions of physical facility test section; (c)
Meshing of the computational domain; (d) The building model tested in the
“numerical” laboratory tornado simulator.
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Figure 2. The red dot indicates the location of the reference pressure. The boundaries
of the lower domain are set as zero shear walls.

„

^^1 ^9max
_
Q

(1)

where rt denotes the core radius where maximum tangential velocity is found,
Vgmax denotes the maximum tangential velocity, and Q denotes the volume flow rate
through the simulator. Figures 3 and 4 present time-averaged pressure contours on a
vertical plane through the center of the simulator and on a horizontal plane near the
ground of the test section, respectively. The maximum negative pressures are within 4Pa
of one another in each of the simulated cases.
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Table 1. Convergence study on mesh densities
Case 1:
Case 2:
Case 3:
Medium
Fine
Coarse
8.3 million 8.5 million 9.3 million
Cell
Count
0.27
0.27
0.28
ri (m)
8.20
8.62
7.68
Vdmax
(m/s)
20.38
20.42
20.04
Q
(m3/s)
0.09
0.09
0.09
S

a)

b)

Figure 3. Contours of pressure on a vertical plane through the center of the
tornado simulator, directly under the honeycomb section (in Figure 1(a), it is the
square plane that is 2.1m wide and 1.53m tall under the honeycomb section),
where the tornado-like vortex is generated after a 5 second spin-up. All Figures
are based on the results that are time-averaged over two seconds from t=5s to t=7s,
with a sampling rate of 100 Hz. a) Coarse Mesh; b) Medium Mesh; c) Fine Mesh.
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a)

b)

Figure 4. Contours of pressure on a horizontal plane through the tornado
simulator, directly under the fan at an elevation of 5cm above the ground plane
(i.e., very near the ground), where the tornado-like vortex is generated after a 5
second spin-up. All Figures are time-averaged over two seconds from t=5s to t=7s,
with a sampling rate of 100 Hz. a) Coarse Mesh; b) Medium Mesh; c) Fine Mesh.

Figure 5 presents contours of tangential velocity on a vertical plane through the
center of the simulator; and Figure 6 presents normalized tangential velocity profiles at
different elevations above the ground in the testing section, where the tangential velocity
is normalized by the maximum tangential velocity, the radial distance is normalized by
the core radius where the maximum tangential velocity is found (designated as Rcore in
this study), and the elevation is normalized by the height at which the core radius Rcore is
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found. The tangential velocities and the tangential velocity profiles are nearly identical
with all three mesh densities. Therefore, coarse and medium meshes are selected for the
following simulations.

a)

b)

Figure 5. Contours of tangential velocity on a vertical plane through the center of the
tornado simulator, directly under the honeycomb section (in Figure 1(a), it is the
square plane that is 2.1m wide and 1.53m tall), where the tornado-like vortex is
generated after a 5 second spin-up. All Figures are the results that are time-averaged
over two seconds from t=5s to t=7s, with a sampling rate of 100 Hz. a) Coarse Mesh;
b) Medium Mesh; c) Fine Mesh.

Following the comparison for the stationary stage, the translating stage was
simulated for the “coarse” and “medium” cases for comparison, where the tornado vortex
translates at 0.61m/s to the right. The sliding mesh technique is implemented here [15] to
simulate the translating of the generated tornado vortex, with the chamber moving while
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the test section and building model remain stationary. Considering that the building
experiences the highest tangential velocity when the building is located at the core radius
(see Figure 7), the results when the core radius of the tornado vortex passes the building
are extracted and compared between the two cases with different meshing densities.

a)

z=l
z=2
z=3

0.8

z=4

0.6
0.4
0.2

Normalized Radial Distance

b)

z=l
z=2
z=3
z=4
0.4
™

0.2

Norma ized Radia Distance

Figure 6. Normalized tangential velocity profiles at four different elevations above
the ground in the testing section. All Figures are based on the results that are timeaveraged over two seconds from t=5s to t=7s, with a sampling rate of 100 Hz. a)
Coarse Mesh; b) Medium Mesh; c) Fine Mesh.

194

c)

Figure 6. Normalized tangential velocity profiles at four different elevations above
the ground in the testing section. All Figures are based on the results that are timeaveraged over two seconds from t=5s to t=7s, with a sampling rate of 100 Hz. a)
Coarse Mesh; b) Medium Mesh; c) Fine Mesh. (cont.)
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(a)
(b)
Figure 7. Contours of tangential velocity on a vertical plane through the center of
tornado simulator, directly under the honeycomb section (in Figure 1(a), it is the
square plane that is 2.1m wide and 1.53m tall under the honeycomb section), when the
core radius passes the building model. Both Figures are instantaneous at the time
instants shown. a) Medium Mesh; b) Coarse Mesh.
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Based upon the tangential velocity distribution obtained, as shown in Figure 7, the
“coarse” mesh resulted in a slightly larger core radius, making the vortex reach the
building model sooner in the “coarse” case. Comparing the “medium” and “coarse” mesh
cases in terms of tangential velocity on a vertical plane, as shown in Figure 7, it is seen
that the “medium” mesh resulted in a slightly more detailed contour than the “coarse”
mesh, which is evidenced by the small fluctuations captured inside the core radius (the
red points inside the orange contour on and above the roof ridge in Figure 7a)). This is
due to the higher resolution in the “medium” mesh case.

(a)
(b)
Figure 8. Contours of surface pressure on windward side of the building model, when
the civil structure is located at the core radius. Both Figures are instantaneous at the
time instants shown. a) Medium Mesh; b) Coarse Mesh.

Figure 8 presents the instantaneous wind pressure on the building model (referred
to as “surface pressure”) when the core radius of the tornado vortex passes the building
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model. Comparing the surface pressure distributions, negative pressure dominates in both
cases and the peak negative pressure values are -168Pa and -162Pa for the cases with
“medium” and the “coarse” mesh, respectively, with a 4% difference. Considering that
the higher resolution in the “medium” mesh case resulted in finer resolution in the
pressure distribution, the results presented in the following are based on the “medium”
mesh density.

3. RESULTS AND DISCUSSION

To reveal bluff-body aerodynamics on low-rise buildings under tornado-like
vortices, the case where the tornado simulator translates at 0.15m/s to the right is
simulated. This translating speed (0.15m/s) corresponds to Case 1 in experimental testing
conducted in the physical tornado simulator at Iowa State University (ISU) (the testing
results were published in [9]), and thus comparison can be made to validate the numerical
simulation before conducting systematic analyses of the results, as the tornado simulator
of Missouri S&T is still under construction. The tornado simulator at Missouri S&T
follows the same mechanism to generate swirling wind flow, although the size of the
chamber at Missouri S&T is 17% bigger and some modifications were made for
improving the efficiency of the facility (e.g., the extension of the turning vanes from the
edge of the fan all the way to the edge of the outer shell, the curved top of the outer shell,
and the increased capacity of the fan). This justifies that the numerical results presented
here for the Missouri S&T simulator can be validated pre-emptively by using the
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dimensionless results obtained from the tests in the tornado simulator of ISU published in
[9].
To facilitate the comparison, the forces, moments, and pressures are made
dimensionless based upon wind field properties and structure geometric properties. The
equations for converting the extracted forces (Fx, Fy, Fz) into force coefficients in the x, y,
and z directions, fx, fy, and fz, respectively, are given by Equations 2, 4, and 6,
respectively; the equations for converting moments (Mx, My, Mz) into moment
coefficients about the x, y, and z axes, m x, my, and m z, are given by Equations 3, 5, and
7, respectively; and the equation for converting surface pressure (P) into pressure
coefficient (p) is given by Equation 8. In the equations for f x, fy, m x, and my, the same
value of A is used, which is the product of the longest horizontal dimension of the model
and the height of the roof ridge. Az is the projected area of the building model on the
horizontal plane, perpendicular to the z direction; p is the air density; H is the mean roof
height; V is the maximum horizontal resultant velocity; L is the longest horizontal
dimension of the building model; P is the pressure in the computational domain adjacent
to the building surface and is treated as the pressure on structural surface; and Pm is the
atmospheric pressure.
Fx
fx = 1
± p V 2A

(2)

Mx
mx = 1
2 p V 2AH

(3)
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fy =

Fy
2 p V 2A

My
my = 1
± p V 2AH

fz =

mz =

(5)

Fz
± p V 2Az

(6)

Mz
\ p V 2AzL

P=

(4)

(7)

P-Po.
^pV2

(8)

3.1. VALIDATION USING PUBLISHED LAB TESTING RESULTS
Figures 9 and 10 present the variation of (instantaneous) force coefficients and
moment coefficients as the tornado vortex passes the building model, respectively,
zoomed-in to better view the coefficient peaks. Due to the nonstationary nature of the
tornado-like vortex when translating, the instantaneous values are presented. The
horizontal axis represents the normalized distance from the center of the building model
to the center of the vortex, designated here as “x/D”, where D denotes the diameter of the
core vortex in the stationary case at the elevation where the maximum tangential velocity
occurs (0.5m), i.e., 2 times core radius. This normalization is consistent with that used in
[9].
From Figure 9, fx and fy present peak values when the core radius of the vortex
passes the building model; the sign convention (+/-) changes (the force direction changes)
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at the center of the vortex, because the direction of radial velocity and tangential velocity
change into the opposite direction when the vortex center passes the building model. f x
ranges between -1.0 and 1.4. fy ranges between -1.5 and 1.25. f z presents greater values
when the core of the vortex passes the building model. In addition, the magnitude of the
peak value of fz, 2.5, is much greater than that of the peak values of f x and fy. This is
evidenced further by the total force coefficient trend following the behaviour of f z more
closely in the core region, shown as a yellow graph in Figure 9.
From Figure 10, the peak m z is 0.16 and the peak m x and my are 0.2 and 0.1,
respectively. In [9], the moment coefficients were only presented as a range of values. In
all the cases that they ran, using different parameters, the peak values for m z ranged from
0.04 to 0.3 and the peak values for m x and my ranged up to 1.1 and 0.7, respectively.
This means that the values for moment coefficients obtained from this numerical
simulation are reasonable compared to the overall values from multiple cases in [9].
Figure 12 presents the averaged force coefficients over one-second periods. As
expected, the averaging process results in a loss of the peak positive and negative values.
To compare the force coefficients from this numerical simulation with the
published results (Case 1 in [9]), the entire data set of Figure 9 is presented, as shown in
Figure 11. Comparing Figure 11, to the published experimental results in [9] the trend of
the variation of force coefficients are near identical. However, there are some slight
differences in peak value that can be seen. The peak instantaneous values are slightly
different in the CFD simulation, peak f z is 0.5 lower, peak fx is 0.2 higher, and peak fy is
0.2 higher, which corresponds to 17%, 17%, and 15% difference between the fz, f x, and
fy, respectively from the physical simulation to the CFD simulation. These slight
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differences can be explained by the differences between the data resolution of the results.
In the CFD simulation all forces are captured on the building, while in the physical
simulation some data may not be captured due to sensor limitations. Furthermore, slight
variation in the power settings of the fan may result in discrepancy in between specific
force values, but the overall trend of the forces is matching quite well. Specifically, the
force coefficient peak in the y direction is slightly higher after zero than before zero, by
0.25, which is seen in the physical results. Additionally, the force coefficient peak in the
x direction is nearly identical on both sides of zero, which is also seen in the physical
results. This serves to validate the CFD simulation results and justifies further exploration
of the simulation results.

Figure 9. Instantaneous force coefficients on the small-scaled model of the gableroofed building vs distance from the center of the vortex to the center of the gableroofed building model divided by the core diameter (D). Zoomed-in on the range of
x/D from -4 to 4.
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Figure 10. Instantaneous moment coefficients on the small-scaled model of the gableroofed building vs distance from the center of the vortex to the center of the gableroofed building model divided by the core diameter (D). Zoomed-in on the range of
x/D from -4 to 4.

Figure 11. Force coefficients on the small-scaled model of the gable-roofed building
vs distance from the center of the vortex to the center of the gable-roofed building
model, x divided by the core diameter (D). The entire data set is shown. All values are
instantaneous.
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Figure 12. Time-averaged force coefficients on the small-scaled model of the gableroofed building vs distance from the center of the vortex to the center of the gableroofed building model divided by the core diameter (D).

3.2. REVEAL BLUFF-BODY AERODYNAMICS ON LOW-RISE BUILDINGS
UNDER TORNADO-LIKE VORTICES
To understand how the presence of a low-rise building alters the flow pattern and
the velocity field near the ground and near the building, and to determine the pressure
distribution on building surface when the tornado vortex passes by the building model,
three representative instances are studied and the related results are presented in
Subsections 3.2.1, 3.2.2.1, and 3.2.2.2, respectively. For each instance, tangential
velocity, resultant velocity, flow pattern around the building model in terms of
streamlines, and pressure coefficients on the surface of the building model and pressure
coefficients around the building in the wind field are investigated.
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3.2.1.

Velocity Field, Flow Pattern and Pressure Distribution on Structural

Surface When the Building is Subjected to the Maximum Force in the z Direction.
When the center of the vortex has passed the building model’s center, but the building
model is still inside of the core radius, as shown in Figure 13, the building is subjected to
the maximum force in the z direction. Figure 14 presents streamlines, resultant velocity,
and pressure around the building on the horizontal plane at the elevation of 0.038m, just
below eave height (0.041m). From the streamlines around the building, as shown in
Figure 14(a), the wind impacts the building model Wall AB perpendicularly, making it
like a windward wall. However, the wind velocity varies along the width of the windward
wall, which is different from straight-line wind. Once the air flow reaches the windward
wall, it mainly passes the building along one side (Wall AD), which is different from
straight-line wind. Due to the presence of the building model, the streamlines converge,
and thus the velocity increases based on the Mass Continuity Theorem, evidenced by the
red color on the velocity contour in Figure 14(b). Consequently, the increase in velocity
results in a decrease in pressure based on the Bernoulli’s Theorem, leading to negative
pressure on Wall AD; In addition, when the air flow passes the sharp corner (Corner A),
boundary layer separation occurs, generating vortex shedding and accordingly increasing
the negative pressure at Corner A locally, which explains the higher value of negative
pressure at Corner A locally, as shown in Figure 14(c). On Wall AD, close to Corner D,
due to the convergence of tornadic wind flow, air flow attacks this part of the wall, plus
the flow reattachment of flow separation at Corner A, leading this part of Wall AD to
also behave like a windward wall. When the air flow passes Corner D, streamlines
converge, and thus velocity increases based on Mass Continuity Theorem, which is
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evidenced by the red contour around Corner D in Figure 14(b). Due to the wind angle of
attack on this part of Wall AD, flow separation does not occur at Corner D, and thus the
no local higher negative pressure area is spotted at Corner D. It is noted that the
Bernoulli’s Theorem may not be rigorously applicable in a rotation flow, it is consistent
with the obtained results. Further theoretical research may be needed to develop a
rigorously theorem to explain bluff-body aerodynamic in rotating wind flow. The
negative pressure on Walls BC and CD is caused by the atmospheric pressure drop in the
vortex core region. From Figure 14(c), the pressure on Walls AD and BC is not
symmetric. Although the pressure on both walls is negative, the magnitude of the
pressure on Wall BC is much higher than the that on Wall AD, leading the total force in
the x direction to point to the right, towards the center of the vortex.

Figure 13. The relative location between the center of the tornado vortex and the
center of the building model when the building is subjected to the maximum force in
the z direction. The red dashed cross indicates the center of the vortex.
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Figure 15 presents streamlines, resultant velocity, and pressure around the
building on a horizontal plane at an elevation of 0.0575m, mean roof height. By
comparing Figures 14(a) and 15(a), the tornadic flow varies along the height, the core
becomes bigger at the elevation of 0.0575m than that at the elevation of 0.038m. The
velocities at the mean roof height on the far roof are nearly zero, as shown in Figure
15(b), which is due to the low velocity at the core region. In Figure 15(b), the red
contours (velocity acceleration) on the two sides of Point E can be explained due to the
streamline convergence when the air flow passes over the roof and the left wall (Side
EH), based on Mass Continuity Theorem. In Figure 15(c), the negative pressure around
the building is due to the significant atmospheric pressure drop.
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Figure 14. Streamlines, velocity field, and pressure field on the horizontal plane at
the elevation of 0.038m, just below eave height, when the building is subjected to
the maximum force in the z direction. (a) Streamlines around the building model
with contours of pressure coefficient (from (c)); (b) Resultant velocity field around
the building model; (c) Pressure contours around the building model.
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(a)
(b)
(c)
Figure 15. Streamlines, velocity field, and pressure field on the horizontal plane at
the elevation of 0.0575m, mean roof height, when the building is subjected to the
maximum force in the z direction. (a) Streamlines around the building model with
contours of pressure coefficient (from (c)); (b) Resultant velocity field around the
building model; (c) Pressure contours around the building model.
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Figure 16. Pressure distribution on the surface of the building model when the building
is subjected to the maximum force in the z direction.

From Figure 16, all pressure on the building surface is negative, even on the
windward wall (Wall AB). This is because the building model is inside the vortex core
and significant atmospheric pressure drop dominates the pressure environment around the
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building. However, on the windward wall, the negative pressure is reduced due to the
perpendicular attacking of the air flow. On Wall BC (side wall), the pressure distribution
is uniform, while the pressure distribution on Wall AD is not uniform due to the flow
separation at Corner A, flow reattachment and direct flow attacking. This results in the
asymmetrical pressure on the two side walls, leading to a significant total force in the x
direction pointing to tornado center. In fact, under tornadic winds, although the total force
in the x direction varies with location/time, it always points to tornado center, indicating
that the tornado tries to suck the building model to its center. On the contrary, under
straight-line winds, the pressure on the two side walls is almost the same, leading the
total force in the across-wind direction to be so small as to be negligible. On the
windward roof (close Corner A), the negative pressure is increased due to the flow
separation at the sharpened corners. The peak negative pressure occurs on the windward
roof, with the coefficient of -3.77. The majority of the roof, Wall CD, and Wall BC have
pressure coefficients ranging from -1.94 to -3.04.
3.2.2.

Velocity Field, Flow Pattern and Pressure Distribution on Structural

Surface When the Building is Subjected to the Peak Forces in the x and y Directions.
3.2.2.1. At the location of the maximum force in the x and y direction, after the
center of the vortex has passed the building. When the center of the vortex has passed
the building model’s center, and the building model is at the core radius, as shown in
Figure 17, the building is subjected to the maximum force in the x and y directions.
Figure 18 presents streamlines, resultant velocity, and pressure around the building on the
horizontal plane at the elevation of 0.038m, just below eave height (0.041m). The angle
of wind attack on the building model is about 45 degrees. This angle facilitates the flow
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in passing Wall AB and Wall AD, without flow separation. After Corners B and D, the
streamlines converge, and accordingly the velocity increases based on Mass Continuity
Theorem, as indicated by the red contour locations, as shown in Figure 18(b); based on
the Bernoulli’s Theorem, the increase in velocity results in a decrease in pressure at
around Corners B and D of the building, that is, the relative pressure at around Corners B
and D is negative, indicated in Figures 18(c). In addition, after the air passes Corners B
and D, velocity becomes zero indicating that boundary layer separation occurred at
Corners B and D, which are sharp. Near Corner C, the maximum negative pressure
coefficient is found in the vicinity of the building model, -2.67, shown in Figure 18 (c).
This is due to the significant atmospheric pressure drop inside the tornado core.
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Figure 17. The relative location between the center of the tornado vortex and the
center of the building model when the building is subjected to the maximum force in
the x and y direction. The red dashed cross indicates the center of the vortex.
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Figure 18. Streamlines, velocity field, and pressure field on the horizontal plane at the
elevation of 0.038m, just below eave height, when the building is subjected to the
maximum force in the x andy direction. (a) Streamlines around the building model
with contours of pressure coefficient (from (c)); (b) Resultant velocity field around the
building model; (c) Pressure contours around the building model.

(a)
(b)
(c)
Figure 19. Streamlines, velocity field, and pressure field on the horizontal plane at the
elevation of 0.0575m, mean roof height, when the building is subjected to the
maximum force in the x and_y direction. (a) Streamlines around the building model
with contours of pressure coefficient (from (c)); (b) Resultant velocity field around
the building model; (c) Pressure contours around the building model.

Figure 19 presents streamlines, resultant velocity, and pressure around the
building on a horizontal plane at an elevation of 0.0575m, mean roof height. Comparing
Figure 19(a) and Figure 18(a), the density of streamlines is different, indicating the
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variation of wind flow along height. From Figure 19(a), at higher elevation, the
streamlines are denser, suggesting that the velocity magnitude changes more frequently.
Again, the velocity acceleration around Corners F and H can be explained by streamline
convergence (Mass Continuity Theorem); Accordingly, in Figure 19(c), negative pressure
around Side FG and Side GH can be explained by Bernoulli’s Theorem and boundary
layer separation.
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Figure 20. Pressure distribution on the surface of the building model when the building
is subjected to the maximum force in the x andy direction.

Figure 20 shows the pressure on the surface of the building model. Since majority
of the building is still inside the tornado core, negative pressure dominates due to the
significant pressure drop. On top of this effect, based on Mass Continuity Theorem and
Bernoulli’s Theorem as well as boundary layer separation (vortex shedding), on the
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windward wall, Wall AB and AD, the negative pressure is reduced; on the leeward walls,
the negative pressure is increased. In terms of this, tornadic wind field has some
similarity to straight-line wind field. The pressure coefficients on Walls BC and CD are
lower than the rest of the building due to vortex shedding. Along the wind angle of attack
direction relative to the building, the wind pressure direction is not symmetrical along
this direction, which is different from the effect of straight-lines. Again, in the x direction,
the total force points to the right, indicating that the tornado sucks the building towards
the vortex center. The highest pressure coefficient is -2.98, which occurs at roof corner
and wall corner due to boundary layer separation and vortex shedding. Majority of the
roof has pressure coefficient values that range from -1.17 to -2.68.
3.2.2.2.

At the location of the other peak in the x and y direction, before the

center of the vortex has passed the building. When the center of the vortex has not yet
passed the building model’s center, and the building model is at the core radius (the
vortex core radius passes the building model the first time), as shown in Figure 21, the
building is subjected to the first peak in force in the x and y directions. Figure 22 presents
streamlines, resultant velocity, and pressure around the building on a horizontal plane at
an elevation of 0.038m, just below eave height (0.041m). In this instance Wall DC can be
considered as the windward wall. Wind velocity varies along the length on the windward
wall and the wind’s angle of attack is about 15 degrees. The velocity acceleration around
Corners B, D, and C in Figure 22(b) can be explained by streamline convergence, as
shown in Figure 22(a). Boundary layer separation and vortex shedding are observed at
Corners D and B. The negative pressure around Walls AB and AD is mainly caused by
the atmospheric pressure drop at the tornado core.
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Figure 21. The relative location between the center of the tornado vortex and the
center of the building model when the building is subjected to the peak force in the x
and y direction before the center of the vortex passes the building model. The red
dashed cross indicates the center of the vortex.

(a)
(b)
(c)
Figure 22. Streamlines, velocity field, and pressure field on the horizontal plane at the
elevation of 0.038m, just below eave height, when the building is subjected to the peak
force in the x and y direction before the center of the vortex passes the building model.
(a) Streamlines around the building model with contours of pressure coefficient (from
(c)); (b) Resultant velocity field around the building model; (c) Pressure contours
around the building model.
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(a)
(b)
(c)
Figure 23. Streamlines, velocity field, and pressure field on the horizontal plane at
the elevation of 0.0575m, mean roof height, when the building is subjected to the
peak force in the x and y direction before the center of the vortex passes the building
model. (a) Streamlines around the building model with contours of pressure
coefficient (from (c)); (b)Resultant velocity field around the building model; (c)
Pressure contours around the building model.

Figure 23 presents streamlines, resultant velocity, and pressure around the
building on a horizontal plane at an elevation of 0.0575m, mean roof height. From Figure
23(a), wind first impacts Corner G at this elevation, indicating that wind blowing
direction changes along elevation. Then, the wind mainly passes along Side GH, causing
the streamlines to converge and thus causing the pressure to reduce (negative pressure in
Figure 23(c) below Side GH is associated with red velocity contour in Figure 23(b)). In
Figure 23(c), the negative pressure around Sides EF and EH is mainly caused by the
significant atmospheric pressure drop.
Figure 24 shows the pressure on the surface of the building model. At this
location, the pressures on the building are all negative due to the proximity to the center
of the vortex. Again, on the windward wall, the negative pressure magnitude is reduced.
The highest negative pressure, -3.49, is observed at the corner of the roof, where the
boundary layer separation and vortex shedding occur. Again, the pressures on the left and
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right walls are not symmetrical. This leads to a total force pointing to the left, towards the
tornado-like vortex center. Along with the observation in Section 3.2.2.1, the force in the
x direction always points towards the vortex center.

8 02

0.060

Figure 24. Pressure distribution on the surface of the building model when the building
is subjected to the peak force in the x andy direction before the center of the vortex
passes the building model.

4. CONCLUSIONS

Numerical simulation of a small-scale gable-roofed building model inside a largescale tornado simulator has been performed using CFD where the simulator translates
over the building model in the same way that the physical simulator translates. Validation
has been performed using the published results from [9]. In performing this type of
simulation, the behavior of the wind field around the building model is investigated in
higher resolution. Specifically, the locations at which the maximum forces in the x, y, and
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z direction have been investigated. The following key points were gleaned from
investigation of the near-building wind field and the surface pressures.
•

Flow velocity, and thereby pressure, varies along the radial distance, or
wall width, which is different from straight-line winds.

•

3D flow is indeed produced by the simulation, which is evidenced by the
variation in the behavior and density of streamlines along the height of the
building and at different locations.

•

The Mass Continuity Theorem and the Bernoulli’s Theorem can be
applied to explain the data by relating streamline convergence, or increase
in velocity, to decreases in pressure.

•

Boundary layer separation and vortex shedding occur on and near the
building, like in straight-line wind.

•

Forces on the two side walls of the building are not symmetric, which
causes Fx to always point towards the center of the vortex.

From these results, directly comparing straight-line wind forces to tornadic wind
forces may be inappropriate because the wind does not behave the same in the tornadic
case. Specifically, inside the tornado core, the wind field is extremely turbulent and
behaves differently than in a straight-line case. Since tornadic wind effects are different
from straight-line wind fields, it is necessary to conduct case-by-case studies to determine
building behavior for different archetypes. From the results shown here, it is reasonable
to say that numerical simulation can alleviate the demands associated with high volume
testing. The following future works are suggested in order to improve upon current
design processes for tornadic wind loading:
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1.

Perform numerical simulation on different types of structures to determine
how different archetypes of buildings affect the wind field near the ground
and around the structure in different ways.

2.

Perform numerical simulations with the building at different angles or
being approached by the tornado-like vortex in different ways, i.e., have
the building model outside the tornado’s direct path and have the building
be impacted by one of the vortex’s sides first.

3.

Average multiple numerical simulation cases to determine an improved
modifier for the current wind design equations to improve building
behavior under tornadic swirling wind flow.
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ABSTRACT

Hurricanes occur in the United States along the Eastern and Southern coastal
regions every year with much devastation. These extreme wind events are often
accompanied by severe flooding that may result in damage, injury, or death. To combat
the effects of flooding it has become increasingly popular, if not required, to construct
homes above the flood level often using stilt-elevated construction. However, little
research has been performed into how stilt-elevated buildings behave during extreme
wind events. Fortuitously, recent physical simulation has been conducted into the effects
of wind on stilt-elevated construction using modern data acquisition methods. As a means
to ease the capture of high resolution data, computational fluid dynamics has become
increasingly popular, but this type of numerical simulation requires accurate validation in
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order to be practical. Simulation has been performed to investigate the effects of extreme
winds on buildings using CFD and validation has been attempted using large eddy
simulation and detached eddy simulation. The results were that slight agreement has been
found in terms of surface pressure distribution, but exact value replication remains
elusive.
Keywords: Hurricanes; Simulation; CFD; Validation; Extreme Wind

1. INTRODUCTION

Hurricanes cost the United States $21.2 billion per year on average
(approximately $19.4 billion per event) and result in an average of 159 deaths per year
[1]. In 2010, 123.3 million people, or 39% of the US population, lived near the coast,
with projections to increase by 8% within a decade [2]. Considering the devastation
associated with hurricanes and the increased interest in living near coastal regions,
designing structures that are resistant to wind effects of hurricanes and the related storm
surge has attracted increased interest in recent years. Following the destruction brought
on by 1989 Hurricane Hugo and 1992 Hurricane Andrew, a major project was undertaken
to investigate hurricane winds and weather data through the Florida Coastal Monitoring
Program (FCMP) [3]. This project involved the deployment of mobile weather stations,
roof mounted pressure sensors, and the collaboration with other research bodies such as
the Center for Severe Weather Research. From 1998-2008, 20 severe storms were
monitored including noteworthy hurricanes, such as 2005 Hurricane Katrina.
Unfortunately, the measurements in these events were also limited by the destructive
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power of the hurricanes. The devices used were sometimes damaged. The amount of
devastation brought on by these storms prompted research into the effect of hurricane
winds on civil structures and wind-structure interaction.
In recent years, Computational Fluid Dynamics (CFD) simulation has been used
in combination with wind tunnel testing to better visualize and model behavior of
structural models under high winds [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. Bendjebbas et
al compared the effect of wind on heliostats using a combination of full-scale
measurement, wind tunnel testing, and CFD simulations [16]. They found that their
results can become very close to wind tunnel testing results by adjusting the boundary
conditions. Unfortunately, they did not present a direct comparison between their CFD
results and wind tunnel results in terms of pressure and stated that such a comparison
would be of little value to them because they wanted to explore dynamic effects of the
wind field and not surface effects. Ricci et al investigated the differences between wind
tunnel testing results on a high-rise building and CFD simulation results for the same
building using Large Eddy Simulation (LES) [17]. They found significant variations
between the two methods in terms of pressure coefficient. Comparing the mean pressure
coefficient for the entire model there was a 10% error between the LES and the
experimental results. When comparing individual pressure coefficients, rather than
averaged values, this error value increased. When the model was at a 0o angle, meaning
the wind direction was normal to the windward face, the individual pressure coefficients
had less error than when the model was at a 45o angle. Thordal et al reviewed a series of
studies on wind tunnel testing of high-rise building models and compared the results with
CFD using LES [18]. They compared mean pressure coefficients on a single horizontal

222

cross-section of the model and found that although the results followed the same trend
and pattern, the values for both mean pressure coefficient and root mean squared pressure
coefficient varied largely between experimental and numerical results. Attempts have
been made to improve the results of CFD simulation and make them closer to that of
wind tunnel and real-world measurements. Blocken reviewed several guidelines for
improving CFD results and outlined some key features regarding best practices [19, 20].
Proper modelling of the domain and meshing is vital for getting accurate results in
addition to understanding the capabilities of the turbulence modelling method. For
example, when using LES it is important to make sure the mesh is denser near walls.
Gimenez and Bre proposed using genetic algorithms to minimize closure coefficients
related to the Reynolds Averaged Navier-Stokes (RANS) turbulence model and improve
wind pressure coefficients on structure surfaces [21]. This involved solving a series of
simulations and running the algorithm to determine the correct closure coefficients for the
RANS turbulence models based on minimizing the error between numerical results and
wind tunnel measurements, specifically this was applied to the following turbulence
models; renormalization group k-epsilon (RNG) and the Spalart-Allmaras model (SA).
This process resulted in a 11-64% and 8-45% reduction in prediction error for the RNG
and SA models, respectively, compared to a simulation using standard coefficients.
A common trend in hurricane prone regions, where storm surge and high winds
are a major threat, is to build structures on stilts [22]. This method of construction either
uses an open space underneath the building or “break away” walls attached to the stilts,
walls that have little resistance to force, in the event of storm surge. The idea is that
during storm surge the flooding will be beneath the living area floor of the building.
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Additionally, the stilts present less surface area for water forces to act on, which protects
the upper levels from being damaged. However, this leaves the upper levels susceptible
to wind damage. To investigate the impact of wind on these types of structures, recent
research has investigated the influence of stilt height on wind loadings and surface
pressures [23]. Specifically, the WOW facility was used to determine the pressure
distribution on a gable-roofed house model with different stilt heights. Through a
comprehensive literature review, CFD simulation of wind effects on stilt constructed
buildings has not be reported yet. This means that even though physical modelling has
been performed, high resolution CFD modelling of this building type has not been
performed. Therefore, the behavior of the wind around this type of building and the
precise forces acting on this type of building are only understood based on spread out
pressure taps.
The objective of this paper is to investigate the wind effects of elevated building
and perform the preliminary validation of using CFD simulation to model the wind
effects of hurricanes on stilt elevated buildings, including the pressure distribution on
structural surface and total wind forces and moments on the entire building. Once the
developed CFD model is validated by existing wind tunnel testing data, the CFD model
can be used to find the wind effects on different types of stilt elevated buildings. Through
the validation process by comparing the results from CFD simulations and wind tunnel
testing, in-depth insights on how to make CFD simulations reliably predict wind-tunnel
testing results can be gained. These insights will reduce the wind tunnel testing cases and
accordingly reduce the related cost; more broadly, these insights can further promote the
implementation of CFD simulations with improved reliability compared to wind tunnel
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testing. Although previous research has been conducted on CFD simulation of wind
tunnel testing, no previous research, to the authors’ knowledge, exists on CFD
simulations of stilt elevated buildings under wind effects of hurricanes. This represents a
knowledge gap in our understanding of the behavior of these types of structures, which
are often built near the coast, which justifies this initial stage of validation. The remainder
of this paper is organized as follows; 1) wind tunnel testing, 2) numerical simulation
using CFD, and 3) conclusions.

2. WIND TUNNEL TESTING

2.1. TESTING SETUP
A small gable-roofed house, with a peak height of 3.81m, a length of 8.76m, and a
width of 6.4m, is considered in this study. The small-scaled model of this gable-roofed
house is tested in the Wall of Wind (WOW) facility at FIU, as shown in Figure 1. It is a
12-fan large-scale open wind tunnel facility, which is capable of generating wind speeds
up to 157 mph (252 km/h) [23]. Immediately in front of the fan input there is a wind
conditioning segment where a series of spikes and/or blocks are placed to generate the
desired terrains, shown in [24], such as “open” versus “suburban and urban” terrain,
which are associated with different velocity profiles along the height. In this study,
appropriate spires and roughness blocks are applied to produce an open terrain wind flow,
accounting for the wind passing open areas. The center of the turn table is 6.20m away
from the end of the conditioning segment, shown as the left surface in Figure 2 (Figure 2
does not include the entire conditioning segment, except the end surface). The concrete
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lab floor extends 6.10 m beyond the center of the turn table and then transitions to grass,
beyond which the WOW is open to air. A debris wall is located 59.90 m away from the
center of turn table to prevent injury or damage from the windborne debris generated
from testing.

Figure 1. The WOW facility at FIU [23].

The scaling ratio of the testing model is 1:5, leading to a scaled model with
dimensions of 0.762m, 1.75m, and 1.28m, respectively, as shown in Figure 3. Besides the
case of sitting on the ground, the model is raised to 3 different stilt heights (elevations
above ground), which are 0.122m, 0.426m, and 0.732m corresponding to 0.61m, 2.13m,
and 3.66m in the prototype. In the testing, the WOW fans were set to 40% throttle for the
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experiment. Assuming this is 40% of the capacity of the WOW facility, the wind speed in
the experiment is roughly 62.8 mph (101 km/h).

Figure 2. Schematic rendition of the FIU WOW facility. Star is location of reference
pressure.

Figure 3. Meshing on the structural surface of the building model.

227

2.2. MEASUREMENT OF VELOCITY PROFILE
To characterize the velocity in the produced wind field, testing is run without the
building model present. Five Cobra probes are installed at the elevations of 0.655 m,
0.777 m, 1.08 m, 1.10 m, and 1.39 m at the center of the turn table to measure the
velocities the associated heights. Velocities are acquired at the frequency of 2500 Hz for
180 seconds. Mean velocity and turbulence intensity are obtained by processing the
measured velocity time history. Mean velocity at the five heights and the related curve
through the data regression technique are plotted in Figure 4. Turbulence intensity (TI) in
all three directions is calculated using Equation 1, expressed as
u

(1)

T ,= u
where
u. = ^ ( u 'x 2 +u'Y2 + u ' 2)

(2)

U = lU| + Uf + U2Z

(3)

where u' is the mean square root of the fluctuating components of the measured
velocities and U is the resultant of the mean velocities. For comparison, TI in the alongwind direction (x) only is calculated using Equation 4.
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where u'x is the mean fluctuating component in the x direction and Ux is the mean
velocity in x direction. Figure 5(a) shows the TI for the resultant velocity and Figure 5(b)
shows the TI for only the along-wind (x) velocity from the FIU WOW testing. As shown
in both figures of Figure 5, in general, TI decreases with height, which is consistent with
the basic characteristics of boundary layer winds. At lower elevations (0.655 m and 0.777
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m), the values of TI based on the velocity in the x direction are greater than those based
on the resultant velocity, which are around 10%. The length scale of turbulence is 10m.

Velocity (m/s)
Experimental Results — Power Law Regression
Figure 4. Along-wind velocities measured in WOW and the regressed velocity profile
along height.

Figure 5. (a) The turbulence intensity for the resultant velocity vs probe height (m). (b)
The turbulence intensity for only the along-wind direction.
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2.3. MEASURE OF WIND PRESSURE ON STRUCTURAL SURFACE
To characterize the wind effects on the building model, testing is run with the
building model located at the center of the turn table. Pressures on the surface of the
building model are collected using pressure taps spread out over the surface. It is noted
that pressure taps are not included on the surface of the stilts. Load cells are placed at the
bottom of each stilt to measure forces and moments. Surface pressures are collected over
sixty seconds following an initial 3 minute startup of the wind tunnel, where the throttle
is increased from 0 to 40%. The mean average surface pressures are then used to
calculate the mean pressure coefficients (Mean Cp) using Equation 11. This process is
repeated for each of the four respective elevations and for four building angles, 0o, 45o,
63o, and 90o, with respect to the along-wind direction of the wind tunnel. The force and
moment coefficients, both averaged and peak instantaneous, are found using Equations 5
10 and are presented in [23]. Mean pressure coefficients corresponding to the 0o building
angle and the different elevation, 0m, 0.122m, 0.426m, and 0.732m, are shown in Figure
6-9, respectively.
In all the four cases, wind direction is parallel to the roof ridge, and thus Wall A is
the windward wall, as shown in Figure 6. The pressure on windward wall is positive, the
pressure on the leeward wall, the two side walls and roof are negative. The pressure in the
areas that are close to the windward wall on the two side walls and roof is much lower,
due to the boundary layer separation when the airflow passes the wall corners and roof
corners. When the building model is elevated and the stilt height is low (0.122m), as
shown in Figure 7, the peak positive pressure on the windward wall (Wall A) is slightly
increased and the peak negative pressure on the roof has a higher magnitude. On the
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leeward wall, the peak negative pressure is slightly increased, and the pressure
distribution is changed. On the two side walls, the pressure distribution on the two side
walls in the area that is close to the windward wall and at the lower elevations becomes
different from the case with stilt height=0. All the differences are due to the fact that the
building model is elevated and the flow pattern is altered in a different way. To be
specific, when the building model is elevated, the air flow splits on the windward wall
and passes underneath the building model, besides the two sidewalls and the roof; the
strong boundary layer separation at the bottom corner along the edge B is so severe that
this location experiences the largest negative pressure (-2). This suggests that floor
damage can be as common as roof damage for an elevated building during hurricanes.

Figure 6. Mean Cp for 0o angle, stilt height = 0m. [23].
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Figure 7. Mean Cp for 0o angle, stilt height = 0.122m. [23].
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Mean Cp

Figure 9. Mean Cp for 0o angle, stilt height = 0.732m. [23].
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As the stilt height is further increased, as shown in Figures 8 and 9, the pressure
distribution is similar to the case of stilt height=0.122m. However, the peak pressure is
decreased, which is due to the fact that the flow pattern from the upstream is not altered
as much as in the case of stilt height=0.122m, due to the higher gaps between the floor of
the building and the ground.
Equations 5-11 are for the force, moment, and pressure coefficients, where Ft
denotes the force in a certain direction, Mt denotes the moment about a certain axis, P
denotes the pressure measured on building surface, p denotes the density of the air, V
denotes the mean wind speed in the along-wind direction at the mean roof height of the
building model in the respective test, L denotes the longest horizontal dimension of the
model, H denotes the height of the model (roof ridge), A denotes the largest vertical
projected area of the model (LxH), and Az denotes the horizontal plan area of the model.
In Equations 5-11, A is set the same in order to compare the magnitude of three forces
and compare the magnitude of three moments.

3. NUMERICAL SIMULATION USING CFD

Two numerical simulation approaches are applied to simulate the testing process
in the wind tunnel. The first approach is Large Eddy Simulation (LES), and the second
one is Detached Eddy Simulation (DES). The CFD simulation and velocity inlet setup are
presented for each followed by the simulation results and comparison with experimental
results.
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3.1. LARGE EDDY SIMULATION (LES)
3.1.1. CFD Simulation Setup. In this section, Large Eddy Simulation (LES) is
employed with a Smagorinsky-Lily subgrid to model how airflow passes the building
model and then to obtain the pressure induced on the building surface during wind tunnel
testing. The portion of the facility from the end of the conditioning segment to the debris
wall is modeled, as shown in Figure 2, with the end of the conditioning segment as a
velocity inlet. The meshing density around the testing model is finer, as shown in Figure
3. The entire computational domain is divided into 2.5 million cells with a higher density
of cells around the testing model, the ground surface, and on walls, and with a lower
density in “open air” regions. A convergence study has been performed and showed that
this meshing strategy is acceptable. The side and top surfaces in the “open-air” region (to
the right of the “Interface” in Figure 2) are modeled as pressure outlets with the pressure
set to atmospheric pressure. All the physical walls and the ground plane are set as no-slip
walls. As shown in [24], the wall around the end of the conditioning segment, where the
wind velocity profile is induced by spikes, is open to the lab. To model this, the wall
adjacent to the velocity inlet is set to pressure outlet, with the pressure set to atmospheric
pressure. Gravity is set as 9.81 m/s2 in the downward direction. The reference point for
pressure is set at the far edge of the open-air boundary. The solution is based on the
SIMPLEC (Semi-Implicit Method for Pressure linked Equations-Consistent) method
which is least squared cell based with a bounded second order implicit scheme. The
unsteady state simulation is carried out using a step size of 0.0001s/step. This simulation
is processor intensive and takes several weeks to finish the calculation, but the results
offer higher details than other modelling methods.
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3.1.2. Setup of Velocity Input at Velocity Inlet. To simulate the testing process
in the WOW (under an open terrain setting and with a fan throttle of 40%), the velocity
data measured in the WOW when the testing model is not present are used to produce the
velocity input at velocity inlet. The regression technique is applied on the velocity data
presented in Figure 3 based on the power law [25], and the resulting regression equation
of the velocity profile along height is expressed as
^along-wind = 20.01 X ( ^ ) 1/4777 (m/s)

(J2)

where z is the elevation above ground level in meters. Equation 12 is taken as the
velocity input at the velocity inlet using a user defined function. The turbulence intensity
and length scale) are applied as 10% and 10m at the velocity inlet in the LES case. In
using this velocity profile as the inlet condition, the time needed to model flow
corresponding to the fully developed flow is greatly reduced, as 3 minutes of simulation
would take an impractical amount of time.
3.1.3. Results and Discussion. Ten seconds of simulation are run for the wind
field to fully develop and pass around the building model. Then another 3 seconds of
simulation are run to extract the data on the wind field around the building model and
wind pressure on the building surface. Figure 10 shows the location of the plane sections
on which the results are extracted.
First, a CFD simulation is run for the case when the stilt height at 0m and the
wind blows in the direction along the roof right. Figure 11 shows contours of 3-second
averaged resultant velocity on the vertical plane through the roof ridge. The flow
separation, defined as the location where the velocity is zero at structure surface, is
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spread over the left and right top edge of the building model at both locations. Separation
is seen on the leeward wall only in Figure 11.

(a)
(b)
(c)
Figure 10. Locations of the plane sections used for presenting velocity contours and
streamlines around the building model. (a) vertical plane through the roof ridge in the
along-wind direction; (b) vertical plane through the mean roof height in the along-wind
direction; and (c) horizontal plane at eave height.
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Figure 11. Contour of resultant velocity, time averaged over 3 seconds, on a vertical
plane through the roof ridge parallel to the along-wind direction.

Figure 12. Contour of resultant velocity, time averaged over 3 seconds, on a vertical
plane through the mean roof height parallel to the along-wind direction.
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Figure 13. Streamlines, instantaneous, on a vertical plane through the roof ridge
parallel to the along-wind direction.

Figure 14. Streamlines, instantaneous, on a vertical plane through the mean roof height
parallel to the along-wind direction.

Comparing these results to the streamlines presented in Figures 13 and 14, it is
seen that eddies are forming in the midpeak location on the roof more than in the peak
location. From the present authors research, it is more so expected that flow separation
should be concentrated on the leading edge, adjacent to the windward wall on the left top
of the image, however this is not seen here.
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Figure 15. Contour of resultant velocity, instantaneous, on a vertical plane through the
roof ridge parallel to the along-wind direction.

In order to determine what may be causing this issue with the flow separation,
Figure 15 presents a zoomed-in instantaneous contour of resultant velocity on the roof of
the building model. Several points of near-zero velocity are seen along the roof,
corresponding to the locations of nodes in the mesh. The mesh density in correlation with
the no-slip boundary condition would mean that at the wall the velocity would be zero.
This may be resulting in the discrepancy of the results seen in the previous figures.
Figures 16 and 17 show the same resultant velocity averaged over 3 seconds and the
instantaneous streamlines on a horizontal plane at eave height, respectively, for
comparison in the horizontal plane. The flow separation, where the velocity would equal
zero is seen at the corners o f the building model. The streamlines reflect this in that they
split off at the corners and generate eddies, shown in Figure 17.
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Figure 16. Contour of resultant velocity, time averaged over 3 seconds, on a horizontal
plane at eave height.

Figure 17. Streamlines, instantaneous, on a horizontal plane at eave height.

It is noted that the FIU results are averaged over 60 seconds, while the CFD
results are averaged over 3 seconds. This is because running the simulation for 60
seconds is processor intensive and impractical in terms of numerical simulation time
(months). In the same way that FIU determined their mean Cp values for the
experimental simulation using the WOW and pressure taps, shown in Figure 18, CFD
simulation of the building model was used to extract mean Cp on the building model
structural surface, shown in Figure 19. Comparing the results from the FIU experiment

240

and CFD using LES, the contour of mean Cp is inaccurate on the roof, side walls, and
leeward wall in both value and distribution.

FIU Experiment

Figure 18. Mean Cp on the structural surface found at FIU using WOW, time
averaged over 60 seconds, for a building angle of 0o with respect to the along-wind
direction and a stilt height of 0m. [23].

One beneficial observation is that on the windward wall the mean Cp is roughly
0.67 in both the FIU and CFD results. This means that the velocity inlet conditions are
seemingly appropriate, but the surface pressures require additional refinement. It is
speculated that the use of the Smagorinsky-Lilly Subgrid, which is a simple subgrid
model, may be causing issues with the modelling of flow separation on the structural
surface. To this end, an additional step is performed in CFD simulation by running the
simulation using a different turbulence modelling method, the Detached Eddy Simulation
(DES) method, specifics are given in the following section.
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Figure 19. Mean Cp on the structural surface found using CFD with LES and a
Smagorinsky-Lilly Subgrid, time averaged over 3 seconds, for a building angle of 0o
with respect to the along-wind direction and a stilt height of 0m.

3.2. DETACHED EDDY SIMULATION (DES)
3.2.1. CFD Simulation Setup. Similar to the previous CFD simulation,
simulations are applied to model the wind flow around the building model and the effect
of the wind flow on the building model during wind tunnel testing. The boundary
conditions and model dimensions are the same as presented in Section 3.1.1. The solution
is based on the SIMPLEC (Semi-Implicit Method for Pressure linked EquationsConsistent) method which is least squared cell based with a bounded second order
implicit scheme. The unsteady state simulation is carried out using a 0.001s/step stepsize. DES using a vorticity-based Spalart-Allmaras RANS modelling method are used to

242

model turbulence. The step size is reduced to an acceptable value for when using DES as
well as to expediate the results for refinement of the CFD simulation. The DES model
uses LES in the “open” flow areas of the domain while using RANS in the “near-wall”
flow areas. In this way the simulation is more efficient than using LES for the entire
domain. However, as this is a RANS modelling method, the RANS modelled areas are
subject to an averaging method and thereby instantaneous values in those locations
cannot truly reflect the characteristics of the airflow.
3.2.2. Setup of Velocity Input at Velocity Inlet. The same regression equation
presented in Section 3.1.2 is employed here for the velocity inlet with the same
turbulence intensity and length scales.
3.2.3. Results and Discussion. The results presented in this section are specific
to when DES is used to model the turbulent effect of the wind flow around and on the
building model. The figures presented follow the same pattern described in Section 4 in
terms of location and averaging, ten seconds are allowed to pass for the flow to develop
fully and then 3 seconds are collected for mean averaging. As pointed out previously,
DES uses LES in “open” flow areas and Spalart-Allmaras RANS in “near-wall” areas.
The differences are clearly seen when comparing Figures 20 - 25, DES, with Figures 11
17, LES. The flow is averaged in the DES simulation and the color contours are more
smooth and less spotty. Additionally, the streamlines are less well defined in the DES
simulation, especially in the case of the eddies being less visible in Figures 22, 23, and
25. The maximum resultant time averaged velocity is around 25 m/s using both LES and
DES, but the zero velocity locations, where flow separation is expected to occur, is more
focused on the windward roof edge seen in the left sections in Figures 20 and 21, DES.
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Figure 20. Contour of resultant velocity, time averaged over 3 seconds, on
a vertical plane through the roof ridge parallel to the along-wind direction.

Figure 21. Contour of resultant velocity, time averaged over
3 seconds, on a vertical plane through the mean roof height
parallel to the along-wind direction.

Figure 22. Streamlines, instantaneousf5n a vertical plane
through the roof ridge parallel to the along-wind direction.
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Figure 23. Streamlines, instantaneous, on a vertical plane
through the mean roof height parallel to the along-wind
direction.

Figures 24 and 25 show the flow around the building model at eave height. The
pattern is similar to the previous figures using DES in that the contours are smoother, and
the eddies are less visible on the windward and side walls. A large eddy is visible near the
leeward wall, which agrees with the streamlines shown on a vertical plane through the
peak and half peak, Figures 22 and 23, respectively.
A key difference in the results when using LES and using DES lies in the
distribution of the surface pressure and thereby the mean Cp values. Figure 26 presents
the wind pressure distribution measured in FIU testing and Figure 27 presents the
pressure distribution extracted when using DES. From Figure 27, it is clearly seen that
the magnitudes of Cp when using DES are much closer to the FIU testing results than
those extracted when using LES. The magnitudes of Cp on side walls, leeward wall, and
leeward roof are within +/- 0.01 of the values found in the wind tunnel testing. On the
windward wall, the magnitudes of Cp are also within +/- 0.01 of the wind tunnel results,
while that distribution is much more spread out than that in the wind tunnel results. The
maximum negative Cp at the windward roof edge is -1.44 in Figure 27, compared to -
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1.04 in the FIU testing results, with a deeply concentrated negative Cp area. In summary,
the CFD simulation using DES is closer to the wind tunnel testing results, but the
maximum negative Cp values are overshooting the wind tunnel testing results.
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Figure 24. Contour of resultant velocity, time averaged over 3
seconds, on a horizontal plane at eave height.

Figure 25. Streamlines, instantaneous, on a horizontal plane at
eave height.
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Figure 26. Mean Cp on the structural surface found at FIU using
WOW, time averaged over 60 seconds, for a building angle of 0o with
respect to the along-wind direction and a stilt height of 0m. [23].

CFD Simulation

Figure 27. Mean Cp on the structural surface found using CFD with
DES using Spalart-Allmaras RANS simulation, time averaged over 3
seconds, for a building angle of 0o with respect to the along-wind
direction and a stilt height of 0m.
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An additional simulation was run with the building model not present to
determine if the velocity profile was changing from the inlet to the location of the
building model. It was found that as the air passed from the inlet to the location of the
building the profile changed slightly in the near ground elevations, under one meter,
shown in Figure 28 (where the red line is the velocity inlet velocity profile and the other
two lines represent the time averaged velocity profile at the location of the building,
orange, and the instantaneous velocity profile at the location of the building, blue). From
Figure 28, it can be deduced that some effect from the ground plane is altering the flow
before it reaches the building location, increasing the velocity. Additional testing is
necessary to determine a means to account for this increase.

Alongwind Velocity (m/s)
Alongwind Velocity (X)

Time Averaged Alongwind Velocity ■Inlet Velocity Profile

Figure 28. Comparison between initial velocity inlet and velocity profile at location of
building after three second time averaging and instantaneous.
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4. CONCLUSIONS

To increase the accuracy and usefulness of physical simulation it is necessary to
increase the resolution of the data and results that are collected. However, there are
limitations to the degree of resolution that physical testing can accomplish due to
financial burdens, labor intensity, or time constraints that limit the number of sensors that
may be placed on a model. To alleviate these limitations and allow for higher resolution
testing, which may increase the accuracy of results, CFD may be used to numerically
simulate the experiments that are performed in the laboratory. However, with every CFD
simulation there is a need for validation of the results that are collected. To this end, the
results presented in this paper serve as an attempt to validate the numerical simulation of
a hurricane simulator with a scaled gable-roofed model present, with the hopes of
validating physical experimentation of stilt-elevated construction. Although the LES
simulation resulted in surface pressure distributions on the building model that were
similar in terms of the windward wall, the remaining walls and roof did not match the
values that were found in the physical simulation. Furthermore, the DES simulation did
match the values more closely and the distribution quite well, but the values were again
different from the physical results. Further inspection of the velocity profile determined
that the profile changes from the initial setting at the velocity inlet and may be causing
the discrepancies that were seen in the DES simulation results. However, further
simulation alteration is necessary to fine-tune the results and validate the simulation
completely in order to proceed to the next phase, simulation of the stilt-elevated structure.
To this end the following future works are presented and ongoing;
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1.

Attempt to alter the ground plane wall equations to reduce the velocity
near the wall as it approaches the location of the building model. These
equations relate to the behavior of the no-slip condition, where the
velocity is zero at the wall surface and increases gradually as it leaves the
surface.

2.

Consider altering the ground roughness to account for any discrepancies
that may exist, for instance the floor of the WOW facility appears to be
fiberglass in some locations and smoothed concrete in others. Although
the surface roughness is very small for these materials, they may be
creating some slowing that is not replicated by the numerical setup.

3.

Investigate if parameters associated with the turbulence modelling method
may be too relaxed in capturing turbulent effects near the ground plane,
e.g., eddy formation which would slow the wind flow near the ground. For
example, in the LES with Smagorinsky-Lilly subgrid modelling method
one parameter is set for the Smagorinsky-Lilly model, this single
parameter may be inadequate for this application.

4.

As these simulations take time, over one month for each, it is of vital
importance to make sure that all of these avenues are investigated before
proceeding with further calculation.
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SECTION

2. CONCLUSIONS AND RECOMMENDATIONS

2.1. CONCLUSIONS
This section presents the conclusions that were drawn for each paper of the
research performed into investigating how to increase the accuracy of numerical
simulation of extreme winds using CFD.
•

From the reconnaissance survey, single-story buildings are more resilient
than taller buildings, due to reduced impact from debris and decreased
surface areas for wind impact. Additionally, the weaker connection
between sequential floor, when compared to the connection between the
ground floor and the foundation, results in failure of walls above the first
story. The continuous load path is essential to resist uplift forces and
reduce property loss. Therefore, the implementation of connections
between assemblies will increase structural integrity.

•

When simulating tornadoes, turbulence modeling affects the simulation
results in terms of pressure distributions and instantaneous values.
Specifically, when time-averaging is employed, details are lost inside the
core region and turbulence modelling looks the same. However, LES
provides better details of turbulence inside the core region by capturing
the eddy behavior.
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•

The Mass Continuity Theorem and the Bernoulli’s Theorem can be
applied to explain the obtained simulation results by relating streamline
convergence, to increase in velocity, and further to decrease in pressure, at
least qualitatively in a tornadic wind field.

•

Boundary layer separation and vortex shedding occur on and near the
building under tornadic winds, which is similar to the situation under
straight-line winds. Despite this, tornadic wind effects are majorly
different from the wind effects induced by straight-line winds.

•

To make simulated tornadoes as close to the real-world situation as
possible, the translation must be properly simulated. The sliding mesh
technique produces tilting of vortex and velocity differences observed in a
real-world tornado.

•

Under hurricane winds, the forces in the z direction decrease with
increasing building stilt height, which correlates with the reduced
magnitude of negative pressures with increasing height.

2.2. RECOMMENDATIONS
Based upon the objectives and scope of work of this study, the following
recommendations were made for future work:
•

Simulate tornadoes with different flow structures and study the actions of
multi-vortex tornadoes on civil structures. Real-world tornadoes possess
different flow structures, such as single-vortex and multi-vortex. For
single-vortex tornadoes, they are classified into single-celled single-vortex
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tornadoes and double-celled single-vortex tornadoes. The pressure
distribution and velocity distribution in a multi-vortex tornado are
completely different from those in a single-vortex tornado. Although a lot
of tornado research has been conducted, most of them are focused on
single-vortex tornadoes. In fact, a multi-vortex tornado is more dangerous
than a single-vortex tornado, as the maximum wind speed and lowest wind
pressure occur at approximately the same location and a civil structure
may be attacked by different subvortices sequentially. Although a multi
vortex tornado was simulated in this study, it is worth conducting in-depth
study on how to simulate multi-vortex tornadoes numerically, what is the
worst loading scenario to a civil structure and how to determine the
probabilistic risk of a civil structure being stricken by a multi-vortex
tornado.
•

Explore bluff-body aerodynamics under tornadic wind field through
theoretical analyses. Under straight-line wind fields, Mass Continuity
Theorem and Bernoulli’s Theorem, as well as boundary layer separation
(flow separation) and vortex shedding have been applied to explain the
pressure distribution of structural surface. Theoretically, Bernoulli’s
Theorem is not applicable to rotational flow (tornadic wind flow is treated
as rotational flow). However, during this study, the relationship between
velocity and pressure in tornadic wind field does follow Bernoulli’s
Theorem quantitatively. In the future, it is worth studying systematically
the bluff-body aerodynamics under tornadic winds, including how the
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streamlines change the pattern when airflow passes the building, how
velocity and pressure change with the pattern change of streamlines, and
how different the flow separation under tornadic wind fields is from that
under straight-line wind fields.
•

Investigate the characteristics of turbulence in real-world tornadoes based
on field-measured meteorological data. Wind flow is inherently turbulent,
which is especially true to tornadic wind fields. Turbulence modeling is
essential to produce high-fidelity model of tornadoes. Although the
influence of turbulence modeling on simulation results was quantified
here, the validation of turbulence modeling was not conducted due to the
lack of field-measured meteorological data. The hope of improving the
tornado simulation accuracy relies on the research advancement in
meteorology on the velocity/pressure data measured at lower elevations
and at higher spatial and temporal resolution.

•

Improve tornado resistant design through systematical CFD simulations
and experimental testing in WHAM laboratory. Due to the devastating
damage induced by tornadoes in recent years, the concept of tornado
resistant design has been widely accepted. In the current version of
ASCE7 (7-16), tornado resistant design is not required for normal
buildings. Although the commentary did provide how to calculate tornadoinduced pressure and provide two design approaches (Extended Method
and Simplified Method), they were based upon unrealistic assumptions
and simplification due to the lack of the related research and field-
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measured data. In the next version of ASCE7 (ASCE7-22) that will be
issued in 2022, a tornado-resistance design will be required for
Risk/Occupancy Category III civil structures and be included as a new
chapter (Chapter 32). Although a tornado wind speed map is provided
based on the probabilistic risk modeling, the coefficients of Kz, Kzt, Kd,
G and Cp still follow the specifications in ASCE7-16. In the future, it is
suggested to conduct systematical CFD simulations on tornado-structure
interaction, which will be validated by experimental testing in WHAM
laboratory. The wind effects obtained from high-fidelity CFD simulations
will provide guidance on the modification of the related coefficients in the
tornado-induced pressure equations specified in ASCE 7-16. This research
will facilitate building tornado-resilient communities.
•

Determine the combined actions of winds and storm surge during
hurricanes. Buildings and infrastructure in coastal regions are vulnerable
to hurricanes, especially when a hurricane is accompanied by a storm
surge. In this situation, coastal structures are subjected to the combined
action of storm surge and waves, in addition to extreme winds, which
induce hydrostatic force, hydrodynamic force and wind pressure on civil
structures. To mitigate the multiple hazards, it is imperative to quantify all
the related loadings imposed by hurricanes with storm surge on coastal
structures and the vulnerability of coastal structures due to this type of
hurricanes, which can be used to guide the retrofit of existing structures or
the design of new coastal structures.
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